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<< Cockroach Coercion 


Robotics offer new possibilities for studying and modulat- 
ing animal behavior. Halloy et al. (p. 1155; see the news 
story by Pennisi) observed collective decision-making by 
mixed groups of cockroaches and autonomous mini- 
robots. The robots, similar in size (though not in shape) to 
the cockroaches, were coated in a blend of cuticular 
hydrocarbons that mimic the natural cockroach cuti- 
cle, The robots and the insects made shared decisions 
regarding choice of shelter, and the robots could mod- 
ulate the collective decision-making process and pro- 
duce a behavior pattern—choice of an inappropriate 
shelter—not observed in groups of cockroaches 
alone. Thus, a small number of robots can change 
the global pattern by altering feedbacks between 
individuals in the system, 


‘output oligonucleotides that are released go 
‘on to act as catalysts for other reactions. The 
process is designed to be entropy driven so that 
the pathways for reactions are well controlled 
and can be modified at will Possible applica 
tions lie inthe field of catalysis, sensor devel 
‘opment, the development of enzyme-free alter 


Equatorial Water 
on Mars? 


Water on Mars is primarily locked up in the 
polar ice deposits, Watters et al, (p, 1125, 
published online 1 November; see the Perspec 
tive by Schultz) show that comparable amounts 


Reconstructing 
Interface Orbitals 


The rch phase diagram ofthe transition metal 
oxides and the recent demonstrations of pattern: 
ing and tuning the interface region, which can 
lead to unexpected phenomena such as the 


quantum Hall effect and superconductivity, have 
generated much interest in developing oxide 
electronics, Chakhatian et al, (p. 1114, pub 
lished ontine 11 October; see the Perspective by 
Dagotto) now report on an x-ray spectroscopy 
study on the interface between high-tempera 
ture superconducting (¥,Ca)Ba,Cu,0, and metal 
lic Lag Cag MO, with surface-sensitive as wel 
as bulk: sensitive configurations. Charge trans: 
fers from the An oxide layer to the 
Gu oxide layer, but does not simply 
move into the d2_,2 orbitals of Cu in 
a rigid manner. Instead, orbital 
reconstruction occurs that involves 
population of the 3,2_,2 orbital. Cal 
ulations show thatthe orbital 
reconstruction is consistent with a 
scenario in which the Cu atom forms 
a covalent bond with the Mn atom, 


native for the polymerase chain reaction, and 
the construction of nanomachines. 


Photonic Route to 
the High Notes 


Excitation of microstructured optic fibers with 
intense femtosecond laser pulses can generate 
broadband white light, 
‘and applications range 
from metrology to the 
‘generation of ultrafast 
pulses of a chosen 
veavelength. The princ: 
ples behind white-light 
‘generation and optical 
‘guidance have not been 
well understood, and 
the comtrot of the loca 
tion and spectral range 
of the generated light 
fhas been limited. Couny et al. (p. 1118) devel 
‘oped theoretical insights into the guidance of 
light and generation of higher-order modes in the 
‘microstructured fibers that has allowed the gener 
ation ofa frequency comb spanning an extremely 
wide spectral range with modest input power. The 
authors discuss how this approach could enable a 
simplified route to femto- and attosecond pulse 
generation and arbitrary waveform synthesis. 


DNA Networks 


Akey aspect of electronic circuits is amplifica- 
tion or gain, so that low signals can be distin: 
guished from any persistent background, 
Zhang et al. (p. 1121; see the Perspective by 
Bar-Ziv) show how gain can be achieved in bio 
chemical circuits. They have designed complex 
Catalytic networks based on DNA in which the 
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of water could be hidden at the equator in the 
hills of the Medusae Fossae Formation, which 
are believed to be formed of volcanic ash and 
wind-blown sediments. Radar sounding with 
the Mars Advanced Radar for Subsurface and 
onospheric Sounding instrument aboard the 
Mars Express spacecraft saw reflections from 
the underlying terrain beneath the sediments 
that have a dielectric signature consistent with 
the presence of water ice, H these hills are ice 
rich, they must contain more dust and sand 
than the polar layered deposits but could host a 
volume of water similar to that of the south 
polar layered deposits. 


Megasplay Faults and 
Tsunami Production 


Tsunamis often result when there is rapid uplift 
of the sea bed, but their size is very sensitive to 
the local fault geometry. Megasplay faults, which 
are long thrust faults that rise from the plate 
boundary megathrust and intersect the sea floor, 
are thought to be particularly effective in trans 
{erring displacement to the surface. By creating 
a three-dimensional seismic view of a megasplay 
fault zone in the Nankai Trough off Japan, 
‘Moore et al. (p. 1128) show how such a fault 
operates and suggest that its stip may have 
Continued on page 1035 
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Spreading the Silence 


The maternal and paternal copies of most genes are generally thought to 


levels, but there are several examples known where this is 
the maternal or the paternal allele shut inXsin 


tthe case. Imprinted ge 


a vation, one of the two X chromosomes is 


silenced, A few small classes of g 


ves— includ julins, T cell recept 


Leukins—are known to have one or other copy inactivated. Gimetbrant et al. (p. 1136; see the Per 
spective by Ohlsson} looked across 
either the paternal or the maternal allele is randon 
higher than 


and stably inactivated. This fraction is much 


had been anticipated. 


Cancer's Mutational 
Landscape 


The genomes of human tumors contain many 
sequence alterations, a subset of which help 
drive tumor growth, Wood et al. (p. 1108, 

published online 11 October 
by Trent and Touchman) have now under 
taken a systematic 


ee Perspective 


uence analysis of 
>18,000 genes in human breast and colorec 
tal tumors, Depiction of the mutational d 
on a topogra that each of 
these tumor types contains only a few gene 
‘mountains” mutated at high fre 


phic map indica 


cy and a much larger number of gene “hills” muta 


frequency. Importantly, while he 


gene hills rather than the mountain: 


large fraction of the mutations driving tumor gr 
a finding that underscores the heterogeneity of human can 


cer—it appears that many oft nes function through cellular signaling pathways that 


are already well known, 


The Yin-Yang of Inflammatory Responses 


Inflammatory responses in the nervous system are very tightly regulated. In particular, Thelper 1 type 
of these cells isthe surface 
family. However, Anderson et al. 


inflammation through e 


Tell responses must be kept in check, and a 
receptor TIM3 
(p, 1141) report the unexpected finding that TING also prom: 


tent negative re 


a member of the T cell immu 


aglobulin and m 


cells of thei 
roles for the 


ate immune system—namely, dendritic cells and microglia o ain, The 
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intriguing questions about the balance between th inhibition of tissue inflammation. 
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form of activity 
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Spinal Cord Injury and Cortical Compensation 
Neuro-rehabiltation is based on the concept that training recruits intact n 
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Robot Ethics 


C-3PO AND R2-D2 MAY BE TWO OF THE WORLD'S MOST FAMOUS FICTIONAL ROBOTS, 
‘but a quasi-robot named MQ-SB'C is perhaps more interesting just now. On | September 2007, 
‘operators used this unmanned airbome drone to locate and drop a bomb on two individuals who 
appeared to be planting explosives near Qayyarah, Irag, As we make robots more intelligent and. 
autonomous, and eventually endow them with the independent capability to kill people, surely we 
need to consider how to govern their behavior and how much freedom to accord them—so-called 
roboethies. Science fiction dealt with this prospect decades ago; governments are 
\wrestling with it today. Why now? It's not only because robots are killing people, 

I'salso because they have become household consumer-electronics items and ( 


because some now look and act like humans (Honda's Asimo can even dance), 
We have an instinctive reaction that a threshold has been crossed. 

The notion of killer robots is a mainstay of science fiction; but then again, 
so isthe idea of robots with built-in safeguards against that, In his 1942 story 
“Runaround,” Isaac Asimov offered his now-famous Three Laws of Robotics: 
‘A robot may not injure a human being or, through inaction, allow a human 
being to come to harm; a robot must obey orders given to it by human beings 
except where such orders would conflict with the First Law: and a robot 
ust protect its own existence as long.as such protection does not conflict 
with the First or Second Law. Most of Asimov's stories deal with things 
going awry because these laws don’t equip robots to tackle real-world: 
situations. In his 1947 story “With Folded Hands." Jack Williamson had 
robots adhere to an even simpler directive: To serve and obey, and guard 
‘men from harm. That, too, had an unwelcome result: totalitarian society 
in which robots prohibit humans from participating in almost all activities, 
lest one of us be injured. 

Indeed, all attempts to govern complex robotic behavior with coded 
strictures may be misguided. Although the machines will execute 
Whatever logic we program them with, the real-world results may not always be what we want. 
And yet. we seem unable to resist trying, and so governments are now drafting thei versions of 
Asimov's and Williamson's laws. This year, South Korea's Ministry of Commerce, Industry, 
and Energy established a Robot Ethics Charter, which sets ethical guidelines concerning 
robot functions. The move anticipates a time when intelligent service robots are part of daily 
life. EURON (the European Robotics Research Network) also announced plans to develop 
‘guidelines for robots in five areas: safety, security, privacy. traceability, and identifiability. 
Japan's Ministry of Economy, Trade, and Industry has joined in too. With an aging population 
and robot caregivers being developed there (and elsewhere in the world), the Japanese foresee 
robots in many homes and have issued policies for how they should behave and be treated, 

‘The United States has yet to jump on the roboethics bandwagon. That many U.S. robots are 
created for the military and designed to harm humans may be the reason. Still, it is likely that the 
‘most interesting litigation defining robot responsibilities and rights will emerge in the United 
States. For starters, a Michigan jury awarded the family of the first human ever killed by a robot 
(accidentally, in 1979) $10 million. which was, at that time, the largest personal-injury award in 
the state's history. 

Again, science fiction may be our guide as we sort out what laws, if any. to impose on 
robots and as we explore whether biological and artificial beings can share this world as 
equals, Isaac Asimov's 1954 novel The Caves of Stvel describes a fully equal robotic partner 
of a police officer. Lester del Rey’ 1938 story “Helen O" Loy” portrays what might be one 
viable future: a man marrying a robot woman, and living, as one day all humans and robots 
might, happily ever afer. [. for one, look forward to that time. 


—Robert J. Sawyer 


10.1126science 1151606 
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How Old Is the Canyon? 


‘Much about the timing of formation of the Grand Canyon in Arizona remains 
uncertain. The process is closely tied into the history of uplift of Western North 
America during the Cenozoic, including even recently, as well as regional climate 
change, One approach toward improved understanding isto date past positions of 
the Colorado River as it deepened the canyon. To do this, Karlstrom et al. have 
taken advantage of the many volcanic fields in the western part of the canyon; 
some of these poured lava into the canyon during the past several million years. 
In fortunate cases, remnants of these flows are preserved perched on ledges or 
beaches in the canyon, marking past river levels, #°Ar/"¥Ar dating of these young 
flows shows that the western part of the canyon has continued to deepen by about 
100 to 150 m since about 1.5 million years ago. To the east, across a major fault, 
the canyon has been deepening at 2 to 3 times that rate. Further dates show that 
this pattern of active differential uplift facilitated by faulting, has operated over 


the past 5 to 6 mi 
ically recently. — BH 


MICROBIOLOGY 
More than Skin Deep 


Skin fungi cause conditions ranging from flaky 
scalps andl eczema to weeping dermatitis and 
invasive disease, Major culprits are the 
‘Matassezia spp., which are closely elated to plant 
pathogenic basidiomycetes, such as Ustilago 
‘maydis, Wa proteomic-genomic study, Xu et al 
discovered that when Malassezia grows on the 
human scalp, it secretes over 50 proteins, which 
are generally more similar to those secreted by 
other skin-parasitizing fungi, such as Condida 
albicans, than to those of its plant parasite 
cousins, The secreted proteins include allergens 
responsible for atopic eczema, but the ones crit 
cal for the Malassezia lifestyle are lipases; these 
enzymes are required in order to harvest host 
Lipids in compensation for an apparent fungal 
inability to synthesize fatty acids de novo, The 
secreted enzymes include a distinctive arsenal of 
extracellular hydrolases, another similarity to 
Candida. Furthermore, sequencing ofthe haploid 
genome revealed mating type genes and a 


5 pheromone-responsive MAP kinase module, like 


www.sciencemag.org 


years and has continued to modify the canyon even geolog- 


Geol Soe. Am. Bull. 119, 1283 (2007) 


those found in yeast It could be that sex pro: 
‘motes skin colonization and the exchange of 
Virulence determinants. — CA 
Proc. Notl Acod. Sci. USA. 104, 
10.1073/pnas.0706756104 (2007). 


MATERIALS SCIENCE 
A Matter of Coexistence 


| 
Alloys such a5 Ge,Sb,Te, (GST) find use in non- 
Volatile electronic memory and as recording 
‘media in DVDs because they undergoa fast and | 
reversible transition between amorphous and | 
crystalline phases with distinct optical and elec 
tronic properties. It was initially assumed that 
the amorphous form was simply a disordered 
version of the metastable cubic (rock salt) form. 
However, experiments on quenched thin films 
and simulations have given a different and often 
conflicting picture. Caravati etal. used ab initio | 
molecular dynamics simulations to probe the 
amorphous structure. They started with meta 
stable cubic GST with Te occupying one sublattice | 
and Ge, Sb, or vacances randomiy occupying | 
the other. For a quenched and annealed sample _ | 
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| 21300 K, the calculated x-ray scattering factor 
was in good agreement with experimental results, 
from the literature, The Ge and Sb atoms were 
‘mostly four-coordinate and the Te atoms mostly 
three-coordinate in defective octahedral-tike 

| sites, resembling cubic crystalline GST. However, 

about one-third of the Ge atoms occupied a 

tetrahedral environment, absent inthe crys 

talline phase but supportive of the large number 

of homopolar Ge-Ge, Ge-Sb and Sb-Sb bonds 

that formed. The authors believe the coexistence 

of these two arrangements accounts forthe rapid 

phase changes and strong optical contrast 

| between the phases. — MSL 

‘Al. Ps Lett. 91, 171906 (2007), 


vinoLocy 


Come In and Take Your Coat Off 


| The replication of animal viruses relies on their 
| ability to cross a cellular membrane on their 
| way into the host cell's cytoplasm, Simian virus 
| 40 (S40) is a non-enveloped DNA virus that 
| enters cells wiacaveolar endocytosis, followed 
by vesicular transport to the endoplasmic retic 
‘lum (ER)-the entry portal of the host cell’ 
secretory pathway—whence it crosses into the 
«cytosol en route to the nucleus, Schelhaas et al 
wondered why the viruses follow this relatively 
complex itinerary. They 
found that ER-tocal 
ized enzymes that 
promote the 
isomerization of 
cysteines between 
their thiol and 
disulfide states 
were required for 
viral entry, and that 
two ER membrane 


Aportion of the capsid proteins, Derlin-2 
showing the target and SeltL, which are 
cysteines (red). known to mediate 


the retrotransloca: 
tion of misfolded host proteins from the ER 
back into the cytoplasm, were also important 
Specifically, the oxidoreductase ERDS7 cat 
alyzed a rearrangement of disulfides within the 
‘capsid, resulting in a loosening of the pen 
tamer-hexamer joints in the virus coat. Once in 
the cytosol, the reduced levels of calcium may 
promote viral capsid disassembly, facilitating 
release of the genome. — SMH 
ell 132, 495 (2007). 
Continued on page 1041 
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Nitrogenase enzymes use an elaborate metal 
luster to catalyze the reduction of dinitrogen to 


markably mild conditions. Tr 


questions about this process contin 


fe to puzzle 
researchers: What are the elementary steps 
on of the nitrogen triple 


underlying the seis 
bond, and how is 


he cluster that guides these 
steps assembled? Curatti et al. shed light on the 
latter question by reconstituting from purified 


component 
cluster—which contains 7 F 


‘a system for in vitro synthesis of the 
95, Mo, homoci 
trate, and one as-yet unidentified light atom an 
is called the FeMo cofactor, Of 11 nitrogen fixa 
tion (Nif) proteins previously shown to be 
involved in FeMo cofactor biosynthesis, they find 
NifB, NIfEN, and NifH are key, NifB assem: 
ferrous iron, sulf 


and S-adenosyimethio 


nine into the NifB cofactor (a precurs 


NEN 
pushes the synthesis one step further by convert 
ing the NifB cofactor into the VK cluster, to which 
molybdate an then added in a 
NifH-dependent fashion. The other Nif proteins 


0 cofactor) under reducing condition: 


jomocitrate ar 


are thought to supply the relevant forms of Fe, 5, 
and Mo under in vivo conditions and also to pro 


tect labile intermediates. The catalytic 
tency of the synthesized FeMo cofactor (v 
structure is still unknown) was confirmed by its 


Tumors need blood, 


endothelial growth 


bloc 


encourage ne 
www.stke.org 
VEGF (c:VEGF) can 
given in conjunction with chemotherapy to in 
Cancers, inhibiting VEGF 
and switch on alternative angiogenic mechani 
Noting that placental growth factor (PIGF, a VE 
is not required for normal development ofthe 


ignaling can elicit a 


been implicated in pathological angiogene: 
tigated the effect on tumors of an antibody 4 
(cePIGF). In.a mou 
met 
and enhanced inhibition of tumor growth by t 


e model, CPIGF by itself inhi 


tic agents gemcitabine and 
direct the VEGF receptor (cVEGFR). 
is, as well as the 


esis and lymphangio 


other hand, cxPIGF did not turn on the expression of proangiogenic genes, nor di 
enhance c:VEGER dependent side effects; indeed, pregnant mice treat 
ters of healthy pups. Thus, the authors hope that aPIG 


anticancer armamentarium. — EMA 


angiogenic molecules such as vascular 


Although an antibody di 


stasis of melanoma and of colon and pancreatic carcinomas, 


yclophosphamide, as well as tl 


ability to combine with apo-NifDK into a holoen 
that red ac 


Proc. Natl Acad. Sci. US.A. 104, 17626 (2007). 


Many desirable materials properties tend to have 


tradeoffs. For example, engineered cross-linked 
polymer networks can have high tensile strength, 
but though lighter than metals, they have much 
poorer extensibility—their rigidity causes them 
to fal after a small increase in length. Some p 
teins, such as the muscle protein titi, do com: 


bine high st 


ngth and elasticity, in part because 


they have a modular structure that unfolds upon 


deformation. Kushne mimicked this 
property in the 
P 


could form four hydrogen bond 


n for cross-links in a 


y(n-butyl acrylate) network. Si 


long-chain terminat olefinic grou 


Form 


through ring-closing metathe 


covalent links between the hydrogen bonding 
pairs (much like the safety chain on a car trailer), 
providing two levels of chain cross-linking. Com: 


pated to a control material with a poly(ethylene 
aly stink, the tensile sti 
by 700% for similar elongations at a c 
density of 6%. — POS 
Am. Chem, Soc 


ngth increased 


stink 


129, 10,1021)20742176 
(2007). 


<< A New Angiogenesis Weapon 


and they secrete 
h factor (VEGF) to 


od vessels to form. 


prolong life when 


isms in tumor cells 
GF family member) 
vasculature by 


Fischer et a 


rected against PIGF Metastases of a pancreatic 
‘tumor in mesenteric 


lymph nodes. 


ibited the growth or 


he chemotherapeu 
anticancer effects of an antibody 
The processes inhibi 


ed included tumor angiog 
cruitment of proangiogenic macrophages. On the 

id it mimic or 
with aPIGF delivered lit 
ul addition to the 


‘might represent a us 


Cell 131, 463 (2007) 
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Training Your Gut 


I you love chocolate, you can thank—or 
blame—the microorganisms in your gut. 
People who are hot for chocolate, researchers, 
say, harbor different bacteria from those who 
are indifferent to the treat. 

Biochemists from Nestlé chocolate company 
and Imperial College London spent 5 days 
studying 22 healthy volunteers, half of them 
avowed chocoholics, on a set diet. They analyzed 
Urine and blood samples for the metabotic 
byproducts of different types of bacteria. The 
results, published in the November Journal of 
Proteome Research, reveal that levels of dozens 
‘of these compounds in the two groups differ. 


The differences are “not just a product of 
‘our genes,” says biochemist and proj 
ect leader Sunil Kochhar, noting 
that Indians who move to the 
United States show changes 
in gut bacteria, Kochhar 
thinks they become 
attuned over time to a 
person's lifestyle and, in tur 
can influence future prefer 
ences—sometimes in a positive 
direction, Researchers found that 
«hocoholics’ blood had lower levels of bad cho: 
lesterol and higher levels of albumin, a nutri: 
ent-carrying protein. Glenn Gibson, a microbi 
‘ologist at the University of Reading, U.K., says 
understanding how diet affects gut activity can 
lead to the development of personalized nutri 
tion plans that can nudge bacteria in the dire 
tion of good health, 


Phony Scoop on CO, 


Global warming is actually caused by growing 
‘numbers of CO, emitting bacteria on the 

sea floor, says a study published online on 

3 November in the Journal of Geoclimatic 
Studies. "Those who subscribe to the [human 
‘caused climate change] theory have overlooked 
the primary source” of CO, emissions, write 
Daniel Klein and colleagues at the University of 
Arizona in Tucson. 

The problem is that Klein and his team 
don’t exist Neither does their Department of 
Climatology; Okinawa University, where the 
journal is purportedly published; or its editor, 
OU climatotogist Hiroko Takebe. 

It's hoax designed “to expose the credulity 
and scientific illiteracy of .. ‘climate skepti 
according to "Mark Cox,” the self-described real 
author of the article. Cox says several anti~ 
‘lobal warming Web sites cited the paper but 
hastily erased their coverage when the hoax was 
revealed. Science got an e-mail from Cox after 
speaking with David Thorpe, a UK-based science 


wawusciencs 


Ni 


EDITED BY CONSTANCE HOLDEN 


BOARD FOR \ 

Boys in Delhi pore over a globe that atthe press of a button will show different peoples of the world 
speaking their native tongues. It's part ofa science exhibit on a train that wil travel 15,000 kilo 
‘meters over the next 7 months, stopping in more than 55 cities throughout India The 14-car-tong 
Science Express is chock-full of multimedia exhibits covering topics such as black holes and CERN's 
search for the Higgs boson. it also has a hands-on lab where children can do experiments such as 
‘mixing cement or separating chemicals with paper chromatography, The $10 million Indo. 
German project is a mobile version of the Max Planck Society’s long-running “Science Tunnel,” 
which has been on display in Hannover, Germany, and has traveled to several cities in Asia 


journalist and Web site designer. Thorpe says he 
‘created the site but denies writing the article 

The paper reports that algal blooms have 
‘gradually killed off “brachiopod molluscs of the 
‘genus Tetrarhynchia” and other organisms that 
prey on CO, producing bacteria, allowing bac 
teria populations to explode, The paper has 
“some clever ideas,” says geochemist Steven 
D'Hondt ofthe University of Rhode Island in 
Kingston, but “some fairly fundamental flaws,” 
such as meaningless equations. He also notes 
that brachiopods and 
mollusks are two 
different phyla. 


A Probable 
Killer? 


Is Lucia de Berk, a 
Dutch nurse, a serial 
Killer or the victim of 
shoddy statistics? Dutch 
courts sentenced De 
Berk to life in prison for 
murdering seven 
patients and attempting 
to kill three others. But 
dozens of statisticians last week petitioned the 
Dutch justice department to reopen the case. 
Suspicions first arose in 2001 after a 
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De Berk shown as witchlike in cartoons, 


6-month-old girl died under murky circum 
stances while De Berk was on duty, Prosecutors 
found that nine other suspicious incidents had 
‘occurred during her shifts at three hospitals, 
Although no direct evidence implicated De Berk, 
the courts decided that it was unlikely—only 
‘one chance in 342 million, according to one wit 
‘ness —that so many deaths could have occurred 
accidentally while she was nearby. 

That conclusion is based on “every statisti 

‘al mistake in the book, 
says Leiden University 
statistician and petition 
organizer Richard Gill 
For instance, he says, 
several deaths were 
deemed natural and 
only later declared sus 
picious by doctors who 
knew De Berk had been 
on duty. And fewer 
people died during 
De Berk's 2-year stint 
at one hospital ward 
than during the prior 
2 years. “Nobody was 
murdered by anybody,” 
Gill concludes. 

Last month, a justice department panel rec 
‘ommended that the case be reopened. The 
decision now rests with the Supreme Court. 
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A SECOND LOOK. The gripping story of Mario Capecchi’s childhood in wartime 
Italy made headlines throughout the world last month when he won the Nobel 
Prize in physiology or medicine (Science, 12 October, p. 178). But the extra 
fame has triggered a new level of scrutiny that casts doubt on some det 

The questions arose afier the Associated Press (AP) reported that parts of the 
story Capecchi has repeatedly described—surviving on the streets from ages 4 
to 9 after his mother was arrested in 1941 by the Gestapo and taken to the 
Dachau concentration camp—can’t have happened that way. The AP found no 
record of Capecchi’s mother being held at Dachau, and historians say that the 
Gestapo was not working in Italy then. Other records suggest that Capecehi 
spent at least part of that time living with his father, After AP showed him the 
new information, Capecchi released a statement saying that "what I have said 
and writ ly childhood.” He has said 
that the stories were based on what his mother and uncle told him after the war, 

A longtime collaborator, molecular biologist Kirk Thomas of the University 


is my most accurate recollection of my 


MOVERS 
TROPICAL TRAINING. A fledgling medical 
school in Singapore has lured tropical disease 
specialist Duane Gubler away from the sun and 
sands of Hawaii to set up a research program in 
emerging infectious diseases. The school, 
established by Duke University and the 
National University of Singapore, opened this 
summer with the goal of strengthening gradu 
ate-level medical training in the city-state. 
Gubler, an expert on dengue, now directs 
the Asia-Pacific Institute of Tropical Medicine 
and Infectious Diseases at the University of 
Hawaii, Manoa. He expects to assemble a team 
of 10 principal investigators to do basic, clini- 
cal, and translational research, as well as to 
train grad students and postdocs. He also hopes 
to knit new field labs into an emerging infec 
tious diseases regional network. "Singapore is 
inan ideal position to provide regional leader- 
ship,” Gubler says. 


ON FIRMER GROUND. After 2 years of 
uncertainty, the leading journal of environ 
mental health has a new editor in chief. Hugh 
§ Tilson, 61, aneurotoxicologist and adminis- 
3 trator at the Environmental Protection Agency, 
§ will head Environmental Health Perspectives, 
3 (EHP), published by the National Institute of 
Environmental Health Sciences (NIEHS) in 
Research Triangle Park, North Carolina. In 
2005, then-NIEHS director David Schwartz 
proposed privatizing the open-access journal 
but later scuttled the plan after protests from 
scientists, envionmentalists, and Congress. 
Tilson fillsa stot that’s been empty for the 
past year. He says NIEHS will restore cuts to 
EHP’s budget and bring back some features. He 
hopes to expand the role of associate editors 


| 
| 


“If you asked me what makes hi 


Capecchi’s optimism, ca 
all survival skills,” Thomas adds. 


‘and publish more research on risk assessment. 
“We are confident that [Tilson] will provide sta- 
bility and scientific rigor to the journal,” says 
Jennifer Sass of the Natural Resources Defense 
Council in Washington, D.C. 


MONEY MATTERS 

FOR GREATER GOOD. David Heymann has 
spent a lifetime fighting the spread of infec- 
tious diseases, most recently teaming up with 
epidemiologists and health professionals 
around the world to stop SARS in its tracks, 
Those efforts earned the 61-year-old World 
Health Organization expert a $250,000 prize 
from the Heinz Family Foundation last 
month, which he’s now donating to work on 
the global monitoring and prevention of 
infectious diseases. 

The money will go to the Emory University 
Global Health institute in Atlanta, Georgia, to 
support the training of young epidemiologists 
in developing countries. The initiative, to be 
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of Utah in Salt Lake City, says the details of Capecehi'’s story 


na 
streets of war-torn Italy probably has something to do with it 
ity to focus, and ability to make tough decisions “are 


‘are unimportant 


scientist, I think 


owing up on the 


he says. 


coordinated through the International 
Association of National Public Health Institutes 
(IANPHI)—a nonprofit funded by the Bill and 
‘Melinda Gates Foundation—is "totally consis- 
tent with David's own dedication and passion 
in public health,” 
says |ANPHI president 
and Heymann’s 
longtime friend 
Jeffrey Koplan, who 
describes Heymann as 
a “remarkably humble 
I anc sett-etacing 
waa soul.” 
i “How could | keep 
this award to myself 

when there are so many others working to 
protect the human condition,” Heymann says, 
iting individuals such as "Red Cross workers 
fighting Ebola or Marburg disease in the 
Congo” and “community volunteers trudging to 
remote villages to stop polio in Afghanistan.” 


eal 


<< INSIDE GOVERNMENT 
DOE SHAKEUP. Patricia Dehmer has become the top research 
manager within the Department of Energy's (DOE's) $4 billion, 
Office of Science, filling the new position of deputy director of 
science programs under Raymond Orbach. Orbach, who isalso 
undersecretary for science, promoted Dehmer last month from 
head of basic energy sciences to overseer of all six DOE 
research programs—which also encompasses high-energy 
physics, nuclear physic, fusion, biological and environmental 
sciences, and advanced computing—whose managers previ- 
‘ously reported directly to Orbach. 

“Pat is an extremely effective communicator,” says Michael 
Luubell of the American Physical Society. “She understands very, 
‘very well how to deal with members of Congress and with DOE.” 
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AIDS RESEARCH 


Did Merck's Failed HIV 
Vaccine Cause Harm? 


SEATTLE, WASHINGTON—A common cold 
Virus has walloped the already ailing AIDS 
vaccine field. 
AIDS researchers, who are still stag 
from the unex pected failure in September 
of the most promising vaccine candidate in 
nical trials, met here last week to explore 
an even more alarming finding: The vac 
made by Merck and Co., may actually 
increased the risk of HIV infection in some 
study participants 

Working with the academic~ 
based HIV Vaccine Trials Ne 
work (HVTN) and the U.S. 
National Institutes of Health 
(NIH) in Bethesda, Maryland, 
Merck researchers stopped the 
multicountry study after an 
interim analysis revealed that 
did not work 
5 October, p. 28) 
Now further analysis suggests 
that the vaeeine may have 


er 


the vace 
(Science, 


Cumulative HIV Infections (males)* 


understand what they mean has required a 

enormous amount of work,” said Merck's 

Michael Robertson, a co-chair of the study 
In the first full accounting 


trial results, Merck 
researchers and their 


partners reported 
as of 17 October, HIV 
had infected 83 people in 
the placebo-controlled 


debate 
ing 


becoming infected with HIV who had low 
AdS antibody levels, When data th 
gested that this concern had been overblown, 
they doubled the trial size in July 2005 to 
include people with high AdS immunity. Most 
participants were men who have sex with men, 
although 38% wer 


women, many of whom 


sex workers. 
The interim analysis in September that 
-d the vaccine wasn't working looked. 
tthe low~AdS-antibody group. 
carchers subsequently 


‘examined the high: 
AdS-antiboxy group, 
they were startled 
to find 21 infe 
ions in vaceinees 
versus nine in the 


placebo group. 

The statistical 
analysis isambiguous 
Typically, researchers deem a 
difference as significant if it 
has a 95% probability of not 
being due tochance—aP value 
‘of less than 0.05, By the: 
dards, the finding, with a 
P value of 0.029, was signiti- 
t. But Steven Self, HVTN's 
statistician at the Univer= 


st 


helped HIV infect a subset of 
participants who at the trial’s 
start had high levels of ant 
body to adenovirus $ (AdS), 
Which causes the common cold 
and is also a component of the 
vaceine, “This is the worst pos- 
sible outcome in a vace 
* said AIDS researcher Eric Hunter of 
Emory University in Atlanta, Georgia, one of 
the study sites 

The finding is as befuddling as it is fright- 
and its implications are far-reachi 
‘The data presented here to some SOOattendees 
atan HVTN meeting on 7 November f 
only a“trend” toward what's called “enhance- 
ment.” leaving investigators wondering 
Whether the elevated number of ink 
vaccines who had hig immunity was 
due to chance, behavior, ora vaceine-induced 
problem, Despite intensive investigations. no 
biological mechanism has emerged to explain 
how preexisting immunity to AdS could make 
vaccinated people more susceptible to HIV. 
“The data are very complex, and trying to 
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Double trouble. The vaccine clearly failed (ef), but in men with high AdS antibodies 
Gighd, it may have increased their risk of infection. (Women were excluded from this 
analysis because only one became infected during the study.) 


trial. Of these, 49 were vaccinated and 
34 received saltwater injections. This diffe 
arly indicates that the vaccine does not 
protect against HIV, but the increased inf 
tions in vaccinees have no statistical import 
and likely are due to chance. 

The discovery of possible enhancem 
the so-called Step Study also owes someth 
to chance. The vaccine contains three HIV 


ence e 


in 


HIV proteins that teach 
the immune system how to attack the real 
AIDS virus. From the outset, investigators 
worried that high levels of preexisting AdS 
amibodies might attack the vector and cripple 
the vaccine. So when Step began in December 
2004, they enrolled 1500 people at high risk of 
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ty of Washington (UW), Seat- 
tle, cautioned that this eompar- 
ison merits a more stringent 
cutoff for significance, between 
(0,025 and 0,0025, because the 
study was not designed to 
ial harm, nor did 


assess poten 


investigators plan to evaluate a 
of the study population, Still, Self'said 
this “trend” deserves close examination. 


subse 


Several researchers described their recent 
efforts to make sense of the trial’s results. 
UW's Juliana McElrath, an immunolog 


who directs HVTN’s lab program, explored 
what many consider the most likely explana g 


tion: that people in the high-AdS-antibody 
group were more vulnerable to HIV because 
of “immune activation.” Specifically, HIV 
establishes an infection by attaching to T cells 
that have surface receptors known as CD4 and 
CCRS. Natural infection with AdS create: 
memory banks of these very T cells, which 
expand and direct an attack if AdS shows up 
Theoretically, the vaccine vector could 
have activated these memory cells in the » 


www.sciencemag.org 


same way, creating more targets for HIV. But 
McElrath’s preliminary work found no e 
dence for this scenario. 

Behavioral changes don’t seem to provide 
an explanation: Study co-chair Susan 
Buchbinder of the San Francisco Department 
of Public Health said risk behaviors h 
decreased aeross the board and more so in the 
high-AdS-antibody group, Buchbinder suid 
investigators still are sorting out many v: 
ables related to HIV transmission, including 


circumeision, coinfection with other sexually 
transmitted diseases, and genetic factors 
(One thing isclear: The monkey studies that 
iagested that the vaccine could thwart the 
AIDS virus, fueling much exeitement, misled 
Merek researchers, “Mice lie, monkey some- 


times lie, and humans never lie.” said Peggy 


EPIDEMIOLOGY 


Johnston, he: 


of NIH’s AIDS vaccine pro- 
‘Some monkeys have lied to us this 
time.” Other attendees stressed that Merck 
relied on a wimpy strain of the AIDS virus to 
hallenge” vaccinated monkeys and that 
1e8 With stronger strains predicted that 


trial participants if they received the vaccine 
or the placebo, A more recently launched 
study of the same vaccine in South At 
stopped and quickly “unblinded” afier le 
ing the Step results, notifying everyone of 
their vaccine status (Science, 2 Novembs 
p. 729). After much debate here, Step’s 
scientific steering committee recommended 
unblinding, and an oversight committee con- 


Robots tackle 


AIDS vaccine field's next-best hope. This 
NiH-made vaccine uses a similar AdS vector 
and was slated to entera $130 million trial this 
fall without sereening people for AdS immu- 
nity. “Step's results demand that we reexamine 
and redesign our study.” said principal investi- 
gatorand Step collaborator Scott Hammer of 
Columbia University 

Merck's Mark Feinberg wamed col 
that “th 
seams” if it doesn’t properly investigate and 
respond to the Step results 


atthe 


¢ whole field will come apy 


more complicated data to emerge froma 
study." Feinberg said. “And this one focuses on 
as important a question as I've ever known.” 

JON COHEN 


Privacy Policies Take a Toll on Research, Survey Finds 


A federal nule aimed at protectin 
is hind 


patient 
Ming 


research, 


costsand delays without enhaneing confiden- 
tiality, according to a study this week in the 
Journal of the American Medical Association 
(JAMA). The survey responses from 1500 
sts reflect the first systen 


acy rules that researchers have 
complained about for 4 years, 

The problems stem from the Health 
Insurance Portability and Accountability Act 
(HIPAA), passed by Congress 11 years ago 
to make it easier for people to transfer their 
health insurance. A so-called Privacy Rule 
that took effeet in April 2003 requiri 
health care providers to protect the privacy 
ch 

Investigators must get permission to use a 

patient's medical data, even to identify 
§ Potential participants. If that is not possible, 
§ the researchers can try to get by with a data 

set stripped of identifi name and 
© institutional ethies board. 
These requirements have had a major 
3 according to the survey, headed by epidemi- 
§ ologist Roberta Ness of the University of 
8 
5 
8 


of medical records also affects resi 


Pittsburgh in Pennsylvania, Survey invita- 
led to more than 10,000 
of 13 epidemiology societies, and 


tions were e-m 
member 


1537 of them completed a Web survey 
About 68% said the Privacy Rule de 
research a great deal more difficult; half 
reported major delays; and nearly 40% 
much higher costs (see table). Only oni 
quarter said the rule has greatly improved 
iality. OF those who modified a 


ced 


Epidemiologists’ on the Priv 
Some 


Made research 
more difficult 


Enhanced confidentiality 
Added cost 


Delayed time to 
study completion 


Overprotected? A.rule meant to ensure the privacy of medical data 
‘is hampering research, according to survey of epidemiologists. 


protocol to comply with HIPAA, two-thirds 
said it was much harder to recruit subjects. 
The results support aneedotal evidence 
that the Privacy Rule has slowed enrollment 
and threatened some studies, says Ness 
(Science, 9 July 2004, p. 168: 17 March 
2006. p. 1547). For example, at the Univer- 
sity of Michigan, researchers were required 
to obtain consent fora survey of patients with 
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A great deat 


heart disease care by mail rather than by 
ting ina drop in the respons 

from 96% to 34% and a bias toward older, 
ried participants, Ness's survey 
is that US, surveillance of infec- 
es may be suffering because hos- 


en’t sure what they can report 

Three years ago, an advisory 
panel urged the Department of 
Health and Human Services 
(HHS), which administers the Pri- 
Rule, to ease the burden on 
researchers by revamping the rule, 
The agency never formally 
responded. But HHS and other 


‘organizations commissioned the 
US. National Academies" Insti- 
tute of Medicine (JOM) to exam- 
ine the issue broadly; one of the 
results is the JAMA surv 
Researchers in other disciplines 
have told the panel of difficulties, 
10, For instance, clinical oncologist Richard 
Schilsky of the University of Chicago Med- 
ical Center says HIPAA has been “a huge 
proble 
ples, among others. Ness says sheand her eol- 
lly are hoping” that the [OM 
panel will devise recommendations that pro- 
duce action. Its report is due by early 2009. 

JOCELYN KAISER 


jor studies involving tissue sam- 
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ENVIRONMENT 


Panel Calls for Pilot Program 
For National Indicators 


US. agencies that track the health of the envi- 
ronment should kick-start a pilot project to 
establish a national system of environmental 
indicators, a blue-ribbon review panel has ree- 
‘ommended. In the same way that the gross 
national product tracks the state of the econ- 
‘omy, environmental indicators, such as the area 
of wetlands, would monitor progress toward 
‘meeting environmental goals. The panel urged 
theagenciesto start now and develop aplan for 
the remainder of the Bush Administration; they 
recommended water quar ‘stored in lakes, 
aquifers, and snowpacksasa test-bed indicator. 
Observers last week voiced support for a pilot 
project but stressed that users and contributors 
‘of data must be included in the design process 
ifs tobe politically viable 
Many agencies monitor aspects ofthe envi- 
ronment, In 2004, the Government Account- 
ability Office recommended that the White 
House Council on Environmental Quality 
(CEQ) figure out how t coordinate federal 
elforts, After a yearlong series of meetings 
with states and nongovernmental organiza 
tions, CEQ in 2006 asked an interagency team 
to figure out how to proceed, The team’s white 
paper, finalized in September, kid out several 
options and recommended the ereation of an 
interagency council to set policy. another inter- 
agency team to manage the technival work.and 
anadvisory panel. The Department of the Inte- 
involved had 
asked the National Academy of Public Admin- 
istration to evaluate the te 
Chaired by Hermann Habermann, former 
fs anofthe US.Census Bureau, the 
panel last month sent DOL an advance sum- 
‘ary of its final report” due out in December. 
‘The panel agreed with the overall approach but 
stressed the need for immediate action. 
“What's needed at this juncture is nota new 
‘organizational chart but concerted leadership: 
said project manager Don Ryan ata workshop 
held last week by the nonprofit National Coun- 
cil for Science and the Environment. 
‘A national indicator of water quantity 
5 would be a good place to start, Ryan 


explained, because this measure is relatively 
 straightforward—compared to water quality, 
for example—and people care about supplies 
of water for drinking, irrigation, and wildl 
Ultimately, dozens of indicators might cover 


“A Geen Compras: Istana Options for Developing a 
5 National System of Environmental Indicators. 


wwwsciencemag.org 


Shrinking reservoir. Water scarcity, such as Atlanta is 
experiencing, could bea prototype national indicator 
of the state ofthe environment. 


everything from air quality to biodiversity to 
‘outdoor recreation, The panel felt that the 
agencies should request funds for the pitot 
project in the 2009 budget: although it didn’t 
come up with a figure, Ryan says“it's not a 
huge sum to get rolling: 

Reaction was mixed. Although the panel 
recommended that indicators be usefal toi 
level policymakers, such a “crosscutting indi- 
ccator of water availability for the whole coun- 
try doesn’t make much sense.” said CEQ’s Ted 
Heintz at the workshop. “Water use is loca 
However, he and others emphasized that the 
iain point ofa pilot program would be to help 
federal agencies learn to work together better, 
and for that, water quantity might suffice 

Robin O'Malley, who heads the Heinz 
Center's Environmental Reporting Program in 
Washington, D.C., and others say that build 
‘broad support for a national system of indic 
tors will be especially crucial nov, because the 
political leadership at the agencies will chang 
with the new Administration in January 2009. 
“The action plan has got to be about making 
sure its rooted in the community when there is 
no one at the transition to save this.” O'Malley 
said. “You take a big risk by keeping people 
out" he says. 

Officials at DOI and CEQ are expected to 
decide in the next few weeks about whether 
and how to proceed. ~ERIK STOKSTAD 
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Texas Votes for Cancer Research 


Texas researchers are looking ahead to 2009 
{or the first grants from a $3 billion bond 
‘measure that voters approved easily last week. 
The project, which will fund as much as 
$300 million a year for 10 years in cancer 
research, was championed by several promi: 
nent Texans, including Governor Rick Perty 
and Lance Armstrong, the former cycting 
champion and cancer survivor (Science, 

31 August, p. 1154). John Mendelsohn of 
the University of Texas M.D, Anderson Cancer 
Center in Houston says he expects that “out 
standing scientists, hopefully from outside the 
state,” will help review research proposals for 
the institute. “JOCELYN KAISER 


Tests on Tests Urged 

‘Agroup of scientific advisers wants the 

U.S, Department of Health and Human Services 
to tighten oversight of genetic tests, a growing 
enterprise regulated by a patchwork of federal 
rules. Last week, the Secretary's Advisory Com: 
mittee on Genetics, Health, and Society released 
4 192-page draft report on genetic testing that 
called for new research to evaluate the clinical 
utility of genetic tests and forthe expansion of 
public databases of gene mutations. The group 
also urged better proficiency testing of labs 
performing genetic tess, 

“There's been very little movement for: 
ward” in more aggressively regulating these 
tests, says Gail Javit of the Genetics and Pub 
lic Policy Center in Washington, D.C. whose 
director helped write the report. Public com 
iments are due by 21 December (wiiv4.od.ih, 
‘gov/oba/SACGHSipublic_comments.htm), 

“JENNIFER COUZIN 


Europe Maintains Orbit 
BERLIN—The European Space Agency (ESA) 
should maintain a human presence in tow Earth 
orbit even if, as some have suggested, NASA 
pulls out of the international space station in 
the next decade, says ESA Director General 

Jean Jacques Dordain, “I am convinced that ut 
tization ofthe space station wil bring scientific 
‘progress and technological progress," Dordain 
said ata press conference Last week atthe Inte 
national Space Exploration Conference in Berlin, 
Although the space station without NASA “isa 
scenario tha s very dificult to imagine,” he 
said, “twill not be an end, We will continue to 
coffer capability in low Earth orbit." ESA will uwveil 
2 formal proposal for the project next summer, 
Dordain says. Any decision about plans will come 
next November at a meeting of ministers from 
ESAmember states. ~GRETCHEN VOGEL 
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SCIENTIFIC WORK FORCE 


New Analysis Questions Push for More Degrees 


Academics, business leaders, and politicians 
have warned repeatedly that the United 
States risks losing its economic ed 
it produces more scientists and engineers 
They also say that the country’s system of 
science and math education is not up to 
snuff, But a new study” questions two basic 
tenets of t ‘oncluding that 
work force data do not support claims of a 
looming labor shortage and that test scores 
indicate U.S. students are doing at least as 
well in science and math as their inter- 
national counterparts are 

The supposedly sorry state of STEM (sei- 
ence, technology, engineering, and mathe~ 
matics) education was a driving force behind 
enactment this summer of the America 
COMPETES Act, which authorizes $44 bil- 
lion for # cornucopia of research and edu 
tion programs across several federal 
(Science, 10 August, p. 736). The bill drew 
heavily ona 2005 US. National Academies” 
report, the title of which, Rising Above the 
Gathering Storm, refers to the impending 


unless 


t argument, 


economic crisis facing the United States 
unless it bolsters STEM edueation (Science, 
21 October 2005, p. 423). 

But sociologist Harold Salzman of the 
Urban Institute and demographer B. Lindsay 
Lowell of Georgetown University, both in 
Washington, D.C, say that the academies* 
report paints a misleading picture and that 
its assumptions are leading to flawed STEM 
education policies. They note that the 
annual US. production of bachelor's, mas- 
ter's, and doctoral degrees in STEM fields 


* wwrw.urban.org/uploade 
Science.pd 


F7411562_Salzman 


‘Against the grain. Harold Salzman (center) told Congress last week that the United States produces enough technical workers 
for the economy. 
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has averaged three times the annual growth 
of science and engineering jobs between 
1985 and 2000. They also point out that 
fewer than one-third of the 15.7 million 
workers with at least one STEM degree at 
any level hold jobs that require such train- 
Given those numbers, says Salzman, 
“expanding our produc 
engineers just defies market r Last 
‘Salzman made his case twice on the 
same day, at a talk at the Urban Institute 
Jouston, Do We Really Have a Prob- 
Here?” and in a hearing before the 
House Committee on Science and Technol 
‘on how globalization affects the US. 
12 work force. 

The authors also say that U.S. students are 
earning more than critics give them credit for. 
For example, they note, math scores on the 
National Assessment of Educational Progress 
(NAEP) for students in eighth grade rose 
15 points from 1973 to 2004. And contrary to 
popular belief that they trail the pack, says 
Salzman, U.S, students rank in the middle ter 
‘of countries on an international assessment of 
arokds in math and science. 

Norman Augustine, former CEO of 
Lockheed Martin and chair of the panel that 
produced the Gathering Storm report, does 
not buy their arguments. In an e-mail to 
other members of the panel, Augustine notes 
that “what the [new analysis] does not 
observe is that an undergraduate degre 
[science or] engineering is a prized creden- 
tial for those who wish to attend business 
school. law school, medical school or [g0 
into] a number of other fields[.] ... If the 
Gathering Storm report is incorrect, we will 
end up having devoted additional dollars to 
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improving our children’s education and to 
the discovery of new knowledge. On the 
other hand, if Drs. Lowell and Salzman are 
wrong, America may well face a serious 
growth in unemployment and a commensu- 
rate decline in its standard of living’ 

Those who argue for strengthening 

US. science education say that NAEP is not 
the right yardstick for measuring what 
students need to know. “In a global 
my with a global labor pool, it is 
insufficient to compare American students’ 
past performance to American students’ 
ent performance,” says Bill Bates of 
the Council on Competitiveness, one of sev- 
eral groups that lobbied heavily for the 
COMPETES Act. Salzman and Lowell say 
that they are not arguing for the status quo 
but rather that any new policies should 
address the real problems in STEM edu 
tion. For elementary and secondary schools, 
they call for more resources for the lowest 
performing students, many of whom are 
minorities. And within higher education, 
they say that scholarships should be based 
on market demand for workers trained in 
individual disciplines rather than across- 
the-board support, Salzman also recom 
‘mends that universities put greater emphasis 
‘on teaching communications and teamwork 
skills. “The iPod's success has had more to 
do with its creative design rather than its 
technical guts." he says. 

Augustine says Salzman and Lowell have 
raised some important issues but that he is 
worried their criticism could undermine 
efforts to boost the research and training 
budgets of federal research agencies slated 
for growth in the COMPETES Act. However, 
David Goldston, the top 
staffer on the House Se 
Commitice before he retired 
from th 
doesn’t think their paper will 
weaken the case for greater 


nee 


government last year, 


nvestments in science and 


H 
a 
3 
i 
engineering. “It’s worthwhile ¥ 
£ 
i 
Hy 
8 
H 
‘4 
H 
8 
§ 
5 


to debate what the nature of 
the investments should be. 
what part of the social scale 
they should be targeted 
toward, and what competitive- 
ness really comes from,” he 
says. Ifthe new study sparks 
tho: 

adds, 


discussions, Goldston 
that'sall to the good.” 
-YUDHIJIT BHATTACHARJEE 
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U.S, STATE ELECTIONS 


New Jersey Rejects Bonds 
For Stem Cell Institute 


A proposal to ratchet up stem cell research in 
New Jersey was defeated last week by an 
array of hard-working opponents and a sense 
of overconfidence by supporters. Despite 
that the $450 1 
bond issue would be approved. the state's vote 


recent polls show 


ers last week rejected it by a margin of 33% to 
47%, "[We] were a little bit too confident” 
aand didn’t shift into high gear until too late, 
s Martin Grumet, director of the W. M. 


at Rutgers University in New Brut 

The bond measure, which was on a ballot 
featuring contests for various local and state 
offices, would have supplied an additional 


$45 million a year for stem cell research over 
the next 10 years to researchers at both public 
and private entities in New Jersey. Itwas backed 
by a sucvession of New Jersey governors; the 


bent, Jon Corzine, even donated 
£000 of his own money to the effort wo get it 
passed, Last year, Corzine signed into law an 
allocation of $270 million—New Jersey sshare 
nal to for new stem 
cell research facilities. OF this, $150 million is 
for the Stem Cell Institute of New Jersey 
in New Brunswie 
broken last month. 
Asrecently as October, polls were predict- 
ing a comfortable win, But a combination of 
religious and fiscal conservatives carried the 
§ day. Catholic churches showed a video dis- 
© paraging embryonic stem cell research, and 
§ Bishop Joho M. Smith of Trenton sent out a 
letter on 7 October urging Catholies—who 
make up 43% of New Jerseyites—to pray 
against the referendum, Antiabortion groups 
nicknamed the measure “Loan to Clone.” 
The measure also drew the ire of a group 
called Americans for Prosperity that wants to 


acco settlement 


. for which ground was 


oup'’s state chi 
ht fire in the past few months. ” 


F three fiscal proposals before 
“Vote No on All Ballot Measures.” 

Rw tist Wise Young, 
co-founder of the stem cell institute, says 
that the referendum was fatally hurt by the 
record-low turnout of 26.6% of elig 
ers, Participation was lowest in counties 


where support for stem cell research was 
highest, he added. 

Corzine says he will continue to press for 
more money for stem cell research, both 
from public funds and the private sector 
the first state to direct funds to 
stem cell research, has spent $15.2 million 
since 2005, according to the New Jers 
‘Commission on Science and Technol 
with $10.7 million budgeted for the current 
Young says he hopes pharmaceuti- 
cal companies. which have a heavy presen 
in the state, will pitch in. 

“We will have totakea different strat 
but we're pushing ahead,” says Grumet 
Supporters regard the defeat as an expres- 
sion of taxpayer frustration rather than 


New Jersey 


fiscal 


‘oups are already rally 
around the idea of another referendum ne 
November. to coincide with the presidential 
and congressional races. And they vow to be 
prepared this time. “It’s going to be a huge 
fight all the way down the line.” says Young. 
CONSTANCE HOLDEN 
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New Limits on Defense Grants 


U.S. lanmakers last week put the squeeze on 
universities that receive basic-research 
‘rants from the military by tightening the 
amount of money that universities can be 
reimbursed for the cost of facilitating that 
research. The new language limits overhead 
costs to 35% of the total amount of the 
‘grant. That's the equivalent of a 54% indi 
rect cost rate, and many schools won't notice 
the difference because their rates do not 
exceed that amount. 

But Barry Toiv of the Association of Ameri 
Can Universities says atleast 40 universities 
‘ould be affected by the decision, and lobby 
ists fear that Congress might eventually apply 
the same formula to the government's entire 
research portfolio. “A cap on reimbursement is 
a first step down a potentialy slippery slope," 
says Toiv. “Preventing universities from reim 
butsing all the real and necessary costs of 
conducting research will discourage them 
from applying for defense grants. 

~YUDHIJIT BHATTACHARJEE 


Moonstruck 


India and Russia have signed an agree 
to jointly explore the moon. As a first joint 
venture, India envisages using one of its 
rockets to launch a crewless mission in 
2011 called Chandrayaan-Hl (a second moon 
mission for India). Together, Russia and India 
will develop a robotic rover that will be 
deployed from a lunar 
orbiter to probe the moon's 
surface for geological data 
and look for helium-3, a 
potential fuel for fusion 
reactors. The collaboration 
is “an area of great prom: 
ise” for the two countries, 
said Indian Prime Minster || 
Manmohan Singh at a 
meeting in Moscow this 
week with Russian Presi 
dent Vladimir Putin 

The predecessor to this mission is India’s 
Chandrayaan-I, a resource-mapping project 
that India plans to launch on its PSLV rocket 
(above) in April 2008. It will carry two Ameri 
can research payloads and involves no Russ 
ian participation. However, India and Russia 
have collaborated on space projects for 
decades: India’s only astronaut, Rakesh 
‘Sharma, lifted off in a Russian Soyue rocket in 
1984, and Russia supplied the cryogenic 
‘engines that have carried India's heavy com: 
munications satellites into space 

~PALLAVA BAGLA, 
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Chilling conclusion. Rapid arctic 
melting has stimulated interest in 


CLIMATE CHANGE 


Scientists Say Continued Warming 
Warrants Closer Look at Drastic Fixes 


CAMBRIDGE, MASSACHUSETTS—Should sei- 
centists study novel ways to alter Earth’s eli- 


mate to counteract global warming? Last 


week, a group of prominent researchers 
who gathered here ga 


after agreeing that the road to understand- 
ing th .¢ is fraught with booby traps 
and that deliberately tinkeri 


mate could make the problem worse. Some 
even admitted to bi 
affirmative 


nswwer 

“My objective going [into the meeting] 
\was to stop people from doing something stu- 
pid.” says climate modeler David Battisti of 
the University of Washington, Seattle. But 
rising temperatures and ¢ 
combined with little meaningful action by 
politicians, convinced him 
that it was time for mainstre 
ence to look more closely a 


m climate sei- 


Even so, Battisti suspeets that the partiei- 
pants share the hope of many of those who 
took part in the Manhattan Project to build 
the atom bomb: that society would never 


have to use the knowledge they provided. “It 
Would be incomprehensible that we deploy 
this,” Battisti 


s emphasizing the 
need to cut carbon emissions. 
Organized by the University of € 
and Harvard University, the event allowed 
50 elite climate, energy, and economics 


researchers to explore and debate geoengi- 

For decades, the subject has been 
mostly confined to the pages of science fic 
tion and unfunded by re: 
2006 paper in Climatic Change by Nobelist 
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Paul Cr 20 October 2006, 
p. 401) served as an “enabler” to drive dis- 


zen (Science 


cussion among scientists of the once-taboo 
topic, says Harvard environmental chemist 
Scot Martin, Harvard geochemist Daniel 
Schrag and physicist David Keith of the Un 
versity of Calgary in Canada then de 
ze the Cambridge event. 

‘One reason most scientists have been 
leery of probing the topic was the fear that if 
taken seriously 


such technical fixes wer 
carbon 


public support for cutting 
would be even more difficult to achieve. 


The very best would be if emissions of the 


greenhouse gasses could be reduced so much 


that the [gevengineering] experiment would 


Me 


A sea change? Some scientists have proposed creating white 
cdouds over the oceans to help cool the globe. 
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not have to ta 


¢ place.” Crutzen wrote last 
year. “Currently, this looks like a pious wish.” 
Some s 

thinki ering for quite 
some time. The field’s roots lie in dueling 
Soviet and U.S. weather-modification pro: 
grams of the 1960s, Since then, advocates 
have dreamed up schemes to fight warming 
by blocking sunlight with giant space shades 
or by creating sea clouds to increase the 
albedo of the ocean. In 1997, physicist and 
Star Wars stalwart Lowell Wood and col- 
leagues affiliated with Livermore Berkeley 
National Laboratory s 
aerosolsto mimic the cooling effect of volea 
nd a handful of modelin, 
have simulated that effect. 


jentists, however, have been 


abou 


sted usin, 


papers since 


One of Wood's central points is that the 
aerosol method is cheap. In 1992, recalls 
Harvard physicist Robert Frosch, a National 
Academies” panel on climate resisted his 
igi 
‘on possible solu 
One relatively si 


.estion to include the cost of geo. 


neering options ina figu 
tions to global warmin 


ple option: Inject sulfur dioxide into the 
nount of solar 
“Nobody 
z line onthe 


str 


josphere to reduce the a 


energy reaching Earth's surfice. 
wanted to put the geoengineeri 
figure because it looked too [economically] 
easy.” Frosch told participants, 

That cost was a major factor behind the 
discussions here, with a number of prelimi- 
ing that the SO, 
option could be deployed for a few billion 
a year, That a 
attractive to politicians: 


nary technical studies hin 


do nount could make geo- 
oking 
r “The 
decision on whether to do this will not be 
made by this group,” Schrag told his col- 
leagues sitting in the wood-paneled premises 
of the American Academy of Arts and Sei- 
ences. But what scientists ean do, 
he said, is offset the input of 


for radical fixes in a warming world, 


groups driven by profit or ideol- 
ogy with solid research on the pos- 
sible side effects of various zeo- 
engineering techniques 

And to get started, the group 
sted plenty of side 


certainly sug; 
effects. Atmospheric dynami- 
cists attacked the few modeling 
studies that have simulated geo- 
engin forts for down- 
playing details such as ocean cur 
rents or complex feedbacks. 


(Modelers defended their stud- 
ies, which use simplified models, 
as preliminary.) Ecologists 
pointed out that artificial cooling 
could lead to serious drying in 
the tropics and that any fix that » 


wwwesciencemag.org 


lowers Earth's temperature wouldn’t address 
the problem of the steadi 

Modeler Raymond Pix srrehumbert of the 
University of Chicago in Illinois warned that 
geoengincering could become a global addic- 
tion, “I dont actually work on geoengineer- 
ing,” he told the group. “But now that the 
genie's out ofthe bottle, fel Thave to" In one 
‘unpublished experiment, Pierrehumbert simu- 
lated a future scenario, presumably in the next 
century, in which the amount of atmospheric 
CO, had quadrupled but Earth was kept coo! 
bya yearly dose of zeoengineering. His model 
showed that a halt in the geoengineering 
effort—"by, say, a war or revolution”—would 
result in an 7°C temperature jump in the trop- 
ics in 30 years, That rise, he says, would trigger 
unimaginable ecological effects 

Sallie Chisholm, an MIT biologic 
oceanographer, urged caution, She told 
Science that her colleagues are downplaying 
the difficulty of determining how “inher- 
ently unpredictable” biospheric feedbacks 
will react to “turning the temperature 
knob. ... We eannot predict the biosphere’ 
response to an intentional reduction in global 
temperature through geoengineering. 

Other scientists were more willing to 
entertain the idea of studying climate manip- 
ulation but warned about a likely public back~ 
lash, Political scientist Thomas Homer-Dixon 
of the University of Toronto in Canada talked 
bout street protests. “Some people may con- 
sider zeoengineering to be an act of ultimate 
hubris.” he says. “It's going to provoke fear, 
anger, guilt, and despair’ 

Others, however, viewed public alarm 
about geoengincering as a potentially positive 
effect, “If they see us talking about this as a 
last-ditch effort, it might increase their alarm” 
and drive them to cut emissions, explained 
Harvard climate dynamicist Peter Huybers 
during one of the sessions, By the end of the 
2-day event, participants were stunned that 
they had come so far. “In this room, we've 
reached a remarkable consensus that there 
should be research on this,” announced climate 
‘modeler Chris Bretherton of the University of 
Washington, Seattle, Nobody dissented. 

Mixed in with his new sense of “responsi- 
bility.” Battisti says, is dismay that the climate 
problem has grown so serious as to dive scien- 
tists to contemplate steps that, in theory. might 
lead to more serious problems than continued 
warming. After speaking on the phone with his 
wife from his hotel room, Battisti confessed. “I 
told her this meeting is terrifying me.” 

i (For a discussion of the topic with some 


of the me 


§ ssiencemag.org hottopies geoengineering.) 
8g ELI KINTISCH 


wwwsciencemag.or 


ng participants, go to www. 


BEHAVIOR 


NEWS OF THE WE! 


Robot Cockroach Tests Insect 
Decision-Making Behavior 


Science-fiction writers have long envi- 
sioned societies in which the boundaries 
between humans and lifelike droids blur and 
man and machine freely intermingle. José 
Halloy has taken the first steps toward ereat- 
ing that world, at least for insects. His tiny, 
autonomous robots lack legs, wings. 


machines are so well accepted by the house- 
hold pests that the robots become part of the 
insects’ collective decision-making process, 


Halloy, a theoretical biologist at the Free 
University of Brussels, Belgium, and his 
colleagues report on page 1135, 
The robots persuaded many of 
their insect “peers” to hide in 
an unconventional place. 

Halloy’s innova 
tive approach puts 
theories of collective 
behavior among insects 
into practice. "We can 
manipulate these behav 
iors very easily ina model, 
‘but doing so in 
experiments is = 
often challenging,” explains 
cthologist Jerome Bubl of the University 
Australia, Others have used 
controlled robots to study animal 
‘behavior but not autonomous ones that inter- 
act with animals on their own. “In many ways, 
[the work] is a big step in the study of col 
tive behavior in animals.” says animal behav~ 
iorist Stephen Pratt of Arizona State Univer- 
sity in Tempe, 

Halloy and his Brussels colleague Grégory 
Sempo picked cockroaches for these robot 
experiments in part because they had earlier 
found that cockroaches typically sel-onganize; 
within a few hours, for example. they settle 
together in one place, preferring darker spots 
When available. For those experiments, and 
the later ones with the robots, Halley. Sempo, 
and their colleagues built a L-meter-diameter 
arena with two “shelters” the roofs of which 
were made of plastic dises covered by red 
filters. By adding layers of filters, Halloy 
and Sempo can make one shelter darker 
than the othe 

Based on observations of insects in this 
arena, Halloy and his colleagues developed a 
mathematical model that predicts which shel- 
tera cockroach should pick depending on the 
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level of darkness of the shelter and the num- 
berand activity ofits fellow roaches. Halloy’s 
‘group then used this model to program robots 
designed by him and Francesco Mondada and 
other engincers at the Ecole Polytechnique 
Fédérale de Lausanne, Switzerland, 


The roaches usually ran away from the 
robots but not if the machines smelled like 
the insects, For the experiments, Halloy and 


Sempo covered the robots with a filter 
paper containing the pheromone equivalent 
of one cockroach, 

Halloy initially programmed the robots to 
have the same darkness preference as the 
«cockroaches, and they joined the cockroaches 
at whatever shelter the majority chose to 
rest in, Next, Halloy programmed 
the robots to prefer the lighter sh 
ter, About 60% of the time, the 
robots tipped the group's preference 


Can't we be friends? Cockroaches seem to 
accept this robot as one of their own once it's 
coated with pheromone. 


in favor of the light 
shelter. “This is.a 
true example of 
automated leader- 
ship.” says David 
Sumpter of Uppsala 
University in Swede 
“Instead of the robots rounding up the eock- 
roaches like sheepdogs, they lead through 
social attraction.” 

But Coby Schal, an urban entomologist at 
North Carolina State University in Raleigh, 
has reservations about the effectiveness of 
the pheromone guise in convineing the 
roaches that the robot is just like them, He 
wonders if the physical presence of the robots 
made the lighter shelter more attractive sim- 
ply by increasing the structural complexity of 
this hiding place. “In my view, the jury is tll 
out” on whether the robots became part of the 
decision-making, says Schal. 

Nonetheless, roboticist Daniela Rus of 
the Massachusetts Institute of Technology in 
Cambridge calls the idea that robots 
influence biological group behavior “very 
powerful.” She speculates that the work 
could have many applications, such as robots 
that aid pest control by luring inseets into 
traps or that help herd livestock. 

“ELIZABETH PENNISI 
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Underwaterliservatories linked by thousands of kifometers of fiber- 
optio™atid powet.cablesaim to revolutionize oceanography, But will 
athe big Science projects also hamstring the future of ocean research? 


ae 3 a 


SEATTLE, WASHINGTON—When John Delaney 


first started using ships and submersibles to 


explore the underwater volcanoes off the 
coast of Washington state back in the early 
1980s, the experience, he says, was exhila 


ing. Delaney was part ofthe tearm that in 1984 


discovered the Endeavour vent, 1 70-kilometer 


long voleanie ri 
Earth's mantle wells up between a p, 


tectonic plates, As exciting as those research 


trips were, they were equally exasperating, 
rapher at the Unt 


n (UW), Seattle, who 


says Delaney, an oc 
versity of Washin 
looks every inch the bearded sea captain and 
2 T. S. Eliot, Ralph Waldo 
Emerson, and Robert Frost. 


is fond of recit 
“They offered 
ashipand 
sub for a couple of weeks, come home, pub- 


snapshots” he says, “We woul 


lish our results, and then write another set of 


nts, We would go and see something inter- 


esting, But it was 2 or3 years before we could 


come back and see what was going on. That 
became very frustrating. 

Delaney’s frustration convinced him that 
there had to be a better way 


upa sustained research presence in the ocean. 


‘4 means to set 


Ocean buoys outfitted with sensors of course 
have continuously monitored conditions 


suchas sea-surface temperatures for decades. 


But that was harder to do 1000 meters or 
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es, 


more below the ocean’s surface, and deep 
Water devices suffered from weak power sup 
plies and either could transmit only small 
amounts of data back to shore or had to be 


retrieved after months of data collection, 
In 1987 
using underwater telecommunications cables 


to Wire the sea floor. Such cables already 


Delaney hatched the idea of 


crisscrossed the ocean carrying phone calls 
and computer data between continents. If 
researchers could tap into those cables, per 


haps they could use them as both a power 


link to a new genera 
tion of sensors, robots, and autonomous vehi- 


source and a cond 


cles. The idea lay dormant fora few years but 

Tt was like a 
Delaney says. 
are going to do that, then 


slowly star in steam, 
downhill. 

People said, “If yo 
I can hook in 
tsunamis, pollution. 


0 To ish stocks, 


\d so on; ” he says. In 
1998, Delaney successfully pitched the idea 
for a feasibility study to the National 
Oceanographic Partnership Program, which 


collaborations among U.S. federal 
ncies, universities, and c 


npanies to pro- 


mote ocean issues. At about the same time, 


researchers at other major oceanographic 
institutions such as the Scripps Institution of 
Oceanography (SIO) in San Diego. Califor- 


nia, and the Woods Hole Oceani 


aphic 
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Institution (WHO) in Massachusetts also 
began pushing the same notion, 
Now, after dozens of meetings, reports, 


and reviews, ocean scientists are setting up a 


handful of deep-water cabled observatories 
and are gearing up for a new wave of ocean 
research, Beginning in 2010, researchers 
from UW, SIO, WHOI, and Oregon State 
University (OSU) in Corvallis plan to sti 


cables to sites scattered around an entire 
the Juan de Fuca Plate off 
the coasts of Oregon and Washington state 
re, p. 1057), Cable was recently laid 
ian arm of the project as well as 


fora Cani 


for a deep-water cabled-observatory test bed 
off the coast of Monterey, California Early 
next year, the European Union will link 
instruments to three separate cables cur- 
rently bei 
trino obs 


sed to wire up underwater ne 


vatories, and its members are 


further dedicated cable systems 
d. And Japs 
recently installed cabled systems, l 


down the ro and Taiwan have 


seismic research, 


of how 


‘t's really a dawning of a new age 


humans can explore the oceans,” Delaney 
Ship-based oceanography began in the 1870s, 
when the British ship Challenger conducted 
the first-ever prolonged oceanos 


he notes. Satellites 


Wwe oceanographers a 


High definition, Cabled observatories wil scrutinize 
‘cean hot spots such as these black smokers. 


global reach about 100 years later. “What we're 
looking at now isa third phase.” Delaney says. 
I's one in which continuous power and data 
channels offer researchers the ability to develop 
of instruments that can carry out 


tasksas wide-rangit 


is continuously monitor- 


ing the steady stream of microtremorsat a mid- 
the DNA of under- 
rganisms on the spot and shipping the 


‘or sequencin; 
Water 0 

data back to researchers continuously. Until 
now, the ocean has been close to a black bon, 
says Marcia MeNutt, president and 
CEO of the Monterey Bay Aquar- 
ium Research Institute (MBARI) 
in Moss Landing, Califor 
will be very surprised if we do not 
make startling 
because we will be there 24/7 and 


study the ocean on our terms,” 
MeNut says. 
But althou 
the system are quick to liken the 
utility of the new cabled observ: 


bh proponents of 


tories to the revolution satellites 
provided to oceanography, detrac- 
tors say a more apt comparison is 
> the international space station: a 


‘money sink that provides scien- 
tific value to relatively few 
researchers. The concern, they 
B say, is that the cabled observato- 

ries will be so expensive to m 
B tain and operate that they will 


bly siphon money from 
other areas of ocean sciences, 


“Ocean sei ways of 


ists are 
one mind when it comesto ships.” 
says Peter Niiler, a physical 
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summer from SIO. “We are usu- 
ally of one mind when it comes to 
satellites. We are not of one mind 


on this.” 


Growing appetite 

While Delaney has spent decades waiti 
complete his vision of a cabled underwater 
observatory, others have beaten him out of the 


gate, In 1992, re: 


archers led by physical 
oceanographer Scott Glenn of Rutgers Uni- 
versity in New Brunswick, New Jerse 
launched a near-coast cabled observatory 
called LEO-15, which was built off the coast 
just north of Atlantic City, New Jersey, in 
‘water 15 meters deep and thus could be serv- 
iced and maintained by scuba divers. “It 
Ily whetted the appetite of the science 
‘community to do more.” MeNutt says. 


Researchers in Haw 
in 1998, when they we: 
doned undersea telephone cable that runs 
from the Hawaiian island of Oahu to Califor- 
nia. They made it the backbone of the first 
deep-water cabled monitoring system, known 
as the Hawaii-2 Observatory. Below $000 
meters of water, researchers inserted a june- 


i took the next step 
ven use of an aban- 


tion box with eight ports for tapping into the 
cable's power supply and hooked up a variety 
of seismometers, pressure sensors, and a 
hydrophone. The network operated for only 5 
years but helped persuade 
push for purpose-built cabled observatories 


Such observatories, say Delaney and other 
proponents, have two big advantages. “What 
these provide is unlimited power and the abil- 
ity to get data back to shore in realtime. Tha 
says MeNutt. Ocean sciences 
ing buoys at the surface 
and seismometers and other sensors on the 
floor—have traditionally worked with 
very limited power, supplied either by batter- 


fabulous,” 


ies or by small wave-powered generators and 
the like. Therefore, they typically haven't 
been able to record or transmit la 
‘of data. That has tended to limit them to tak- 
ing periodic measurements that were either 
sent back to shore by a low-bandwidth satel- 


amounts 
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connection or archived onboard for 
f you think how con- 
trolled we have been by the whims of the 


lite 


retrieval months later. 


‘ocean, this takes away those limitations and 
will allow us to say for the first time what 
arth= 


really happens during hurricanes, 
‘quakes, and other events,” McNutt says. 

MeNutt, Delaney, and other propor 
say that cables now being laid off the 
California and British Columbia will give 
researchers the first glimpse of oceanogra- 
phy’s future. Of California's coast, the 
kilometer Monterey Accelerated Research 
System cable—about the width of a garden 
hose—will carry fiber-optic data 
and 10,000 volts of electricity to 
* essentially 


sts of 


science “nodes. 


underwater transformers that 


reduce the voltage and sit along- 
side eight ports. Instruments will 


connect directly to the ports or be 
linked to them by underwater 
extension cords 

The instruments vary widely 
One, called the Eye in the Sea, 
will use a video camera that 
amplifies stray photons to image 
deep-water bioluminescent 
organisms, Another, a robotic 
microbiology lab, will analyze 
DNA and RNA samples to deter- 

nisms 


ie which org re pres 
ent and possibly even discover 
new life forms. Yet another 

known as the benthic rover 
robot the size of a ridin| 


iva 
fawn 


mower that will creep across the 
‘ocean floor taking meastirements 
in an effort to sort out the long- 
standing mystery of just how 


nie carbon drifts down 


hove and reaches the deep 
in floor. 


Because these and other such 
experi power-hungry 
and typically operate continu: 


ously, they represent science that can’t be 
done with traditional instrumen 
Another advanta 
Ken Smith of MBARI, who heads the team of 
scientists working on the benthic rover, is that 


rchers spot something interesting in 
the data one day, the next day they ean repro- 
gram their instruments on the fly to monitor 
it. “Ti love to have cabled observatories all 
over the sea floor,” Smith says, 


Vigorous discussion 
Despite their obvious upside, cabled obser- 
vatories have long proven a tough sell. The 
issue, Niiler says, stems from the wide 
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in the ocean sei- 
igists and geophysi- 
cists interested in understanding pla 
tonics, fisheries biol 


diversity of discip! 
es, ineludin| 


stocks, and physical oceanographers inter- 
tracking how carbon dioxide 
moves between the atmosphere and the 
oceans. “Oceanography is not one se 
says Niiler, “I's catchall for scientists that 
need a common facility 4 


ested i 


at is unique. 


which is ships.” 

In the United States, however, those com- 
munities essentially compete for one pot of 
money, as the lion's share of funding for basic 


ocean-seiences research comes from the 
National Science Foundation (NSF). This 
year, Congress gave NSF $5 million to begin 
construction of the $331 million Ocean 
Observatories Initiative (OL); NSF hopes 
for a big funding spike in 2009-11 to finish 


the job, The largest portion of funds 
estimated to be about $170 million 
to build the deep-water cabled observ 
off the Oregon and Washington coasts. When 
the id 
began to gain traction several years ago. the 
broader oceanography community balked 
until additional components—a few buoys 
designed to operate at high latitudes, a net- 
‘work of instruments off the Oregon coast, and 
«a cyberinfrastructure component to handle 
the expected surge of data—were added. “In 
order to get community buy-in to the OO 
idea, there were some compromises made.” 
MeNutt says, 

However, although Congress agreed to 
for the new infrastructure it didn't provide any 
OTS cables 


ca for this expensive observatory first 


extra money to run oF mainta 
and instruments, That money—expected to 
total about $50 million a year—will have to 
come out of NSF's general budget of about 
5300 million a year for oced 


sciences, Niiler 
ue that because the cabled 
observatories are fixed in place on the ocean 
floor, they will primarily benefit underwater 


and other crities ang 
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Bottom to top. 


ance fi will 


‘operations and 
ne from the ocean-sciences community asa 
whole, the hi 
other areas, “ 


principal inves! 
harmed in its breadth and depth by 
much for these observatories, 
US-based oceanographer who asked not to 
be named out of concern that it could hurt his 
chances of acquiring future NSF funding 

“We 


aying too 


gree that operations 


‘ence right now.” says Ad: 
physicist at OSU, who is currently serving 
program director for ocean sciences at NSF 


However, he and others point out that geolo- 
cophysi 

tthe only 
emists 


gists and 


cists are 


‘ocean se 


new equipme 
these days. Other 
researchers have 
ced, from NSF 
and other sources, a 
$120 million ship 
for arctic research 
$100 million for a 
new drilling ship 
submersibles, and a 
global oc 
network 


new capability that 
will not appeal to 
everyone. As 
organization, we have to find a balan 
Schultz says. Julie Morris, director of NSF's 
‘ocean sciences division, adds that if Con- 
gress and President George W. Bush con- 
tinue their push to double spending on phys- 
ical sciences research and development, th 
could obviate much of the funding concems. 

For his part, Delaney is quick to deny that 
deep-water cabled observatories are of little 


Creeper. This robotic rover will track how much 
organic carbon reaches the sea floor. 


interest to anyone but 


ologists. “I atly dis 


agree,” he says, “There is a tremendous 
amount of oceanographic science to be done 
in the 
Plate. 
observatory offers advantages for studying 
‘ocean vents and the chemistry a 
in the waters around them, But if you're inter 
ested in how the ses between 
the ocean and atmosphere affects climate 
change, he says, the cabled observatory has 


aters overlying the Juan de Fuca 
Niiler acknowledges that a cabled 


far less relevance, 


hey just don’t go. 
together,” Niiler says. “To pretend they do is 


just not right.” 


' 

Critics also fear that once major new 
observatories are built, future research grants 
will tilt in favor of scientists who propose to 


work on them, “It will be hard for [funding 
agencies} to resist the temptation to feed this 
big facility.” says the anonymous U.S,-based 
‘oveanographer, “It’s exactly like the finter= 
national] space station,” adds Russ Davis, 
another oceanographer recently retired from 
Scripps. “We will have to have guys use this 


thing once we put this together.” 

Delaney and others respond that all the 
scientific projects associated with the cabled 
observatories will be peer-reviewed, 
although Delaney readily acknowledges that 
the oceanography community is still coming 
to grips with the facilities. “It's a vigorous 
discussion, as it should be,” he says. 
Christoph Waldmann, a member of the 
European Sea Floor 
Observatory Net- 
work steering com- 
ng into 
European 


mittee lool 
a new 
cabled-observa 
system, says the dia- 


logue under way in 
Europe and else: 
where is much the 
same, But he and 
others repeat that 
proponents of cabled 


observatories are 
not out to do away 
with anyone 
research but rather 
seck to open dra 
matic new possibili- 
“The science commu- 


Ise’s 


ties to ocean research, 
nity is saying this is a c ed t0 
have.” says Robert Detrick Jr, marine geol- 
ogist at WHOI who chaired a recent National 
Research Council report that favored build- 
ing cabled observatories. “They provide a 
new capability for the community and 
in a different wa 
ROBERT F. SERVICE 
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PUBLIC HEALTH 


In the HIV Era, an Old TB Vaccine 
Causes New Problems 


The only TB vaccine available can be deadly for HIV-infected children. That puts public 


health officials in a difficult dilemma 


It's well-known that HIV and tuberculosis 
(TB) form dual, deadly epidemics that fuel 
each other, More tl 
of them in subs 

With the pathogens that cause both diseases, 
Recenily, researchers have found that HIV= 
infected chikiren—who need protection from 
TB more than anyone 
more susceptible to side eff 


Ise—are also much 


ts of a widely 


ti-TB vaccine. The live vaccine, devel 
80 


oped more th 
Bacille Calmette 
generalized inf 
many as 75% of cases. 

sed on these data, experts agree that no 
baby with HIV should be vaccinated 
TB. Butthat’seasier ssid than done: identifying 
infected infants isn’t feasible in many countries 
with high HIV 
worry that discussing these 
give the vaccine a bad name andl lead to a drop 
inoverall vaccination rates, “tes really aterrible 
dilemma,” says pediatrician Elizabeth Talbot of 
the Dartmouth-Hitehcock Medical Center in 
Lebanon, New Hampshire. 

As vaccines go, BCG was always a mixed 
blessing, Researchers atthe Pasteur Institute in 
Paris developed it by weakening a strain of 
Mycobacterium bovis, a cousin of M. tuber 
ceulosis, the agent that causes human TB. (The 
process was inspired by vaccinia, the smallpox 
vaccine most likely derived from cowpox.) 
BCG doesn’t appear to do much for adults, but 
it protects children from the most serious 
forms of TB during the first 15 years of li 
although efficacy varies somewhat in different 
parts of the work 

BCG isthe only TB vaccine that exists. and 
almost every country in the world uses it 
Recently, 
started limiting 


ss ago and known as 
erin (BCG), can lead toa 
ion that may be fatal in as 


ir use to high-risk groups, 


i such as immigrants from endemic countries, 
' because dropping TB rates have made the vac 
8 


cine less cost-effective. But in regions with 
high TTB rates, it’s stil an important line of 
8 defense. In Africa, most children are vacci- 
nated right after birth. Some studies have even 
§ shown that BCG reduces mortality from 
3 causes other than TB as well, perhaps because 
§ it boosts the immune system 
5 Researchers have long known that BCG 


could cause adverse events in immunocompro- 
mised people, ranging from local reactions to 
disseminated BCG disease, a life-threatening 
infection. “But until now, we didn’t have any 
solid data” on the magnitude of the problem, 
says T. Mark Doherty of the Statens Serum 
Institute in Copenhagen, Denmark. In areas 


Double-edged sword. 
Experts sress that to 
prevent TB—which has 
infected this Nairobi gi— 


BCG use should con 
HiV-negative c 


With high HIV rates. babies are prone to so 
many other diseases— including TB. malaria, 
and gastrointestinal infections—that a vaccine- 
specific reaction is hard to notice. And diag- 
nosing BCG disease requires culturing the 
bacteria from infected children—a time- 
‘consuming process—and then using a poly- 
merase chain reaction test to determine 
that they are M. bovis, not M. tuberculosis, 
‘So when Anneke Hesseling ofthe Desmond 
‘Tutu TB Centre of Stellenbosch University near 
Cape Town, South Arica, started looking care- 
fully ina hospital in the Western Cape province, 
\where both HIV and TB are rampant. the out- 
‘come came asa shock to many. Ina paper pub- 
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lished in Vaccine in January, Hesseling con- 
cluded that disseminated BCG disease 
may occur in one in every 240 HIV-inf 
vaccines at that hospital: that’s more 1 
500 times the risk for healthy children, 

A new, unpublished study based on better 


n 


surveillance in more hospitals suggests that the 
risk for HIV-infected children may be two times, 


higherstill, she adds, The concems about BCG 
are corroborated by an as-yet-unpublished 
study in Argentina, presented at a 00S meeting 
by Aurelia Fallo of Chiklren’s Hospital Ricardo 
‘Gutiérrez in Buenos Aires 

The solution sounds easy: Children born to 
HIV-infected mothers should be tested, and if 
HIV-positive, should not get BCG. But in many 
African countries, mothers aren't tested for 
HIV to begin with, What's more, 
mother-to-child transmission of 
HIV occurs mostly around birth, so 
tests can't be reliably done until at 
east 6 Weeks later. That would 
n postponing the decision to 
cinate HIV-exposed children 
ng that period. 

The Western Cape is consider- 
ing a program to do just that, says 
Hesseling, but it’s difficult enough 
in South Africa; in many other 
African countries, it’s likely not 
feasible. Any change in standard 
vaccination schedules is a major 
undertaking, she says, and post 
poning vaccination carries the risk 
that some of the children will never 
‘come back, Even in countries with 
high HIV rates, a lange major 
children are HIV-negative, she 
points out: if they missed the vac 
cine because ofa policy chang 
would be a disaster” 

Many are looking to the World 
Health Organization (WHO) for 
guidance, In May, after reports 
from two expert panels, WHO 
began advising against vaecinat- 
ing HIV-positive babies. But the new recom 
mendations are “not all that helpful” says 
Hesseling, In an e-mail to Science, a WHO 
communications offi 
‘concern that recommendations might become 
counter-productive if BCG use ceases or is 
discontinued in HIV-endemie populations’ 
WHO continues to recommend using BCG 
if nothing is known about a child's HIV 
status, she wrote, 

The agency is in a difficult position, 
Doherty says, as it will be blamed if overall 
vaccination rates drop. “In situations like this, 
there's always a tendency to err on the side of 
the status quo,” he says. MARTIN ENSERINK 
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ROBOTICS 


Robotic Cars Tackle Crosstown 
Traffic—and Not One Another 


In DARPA's Urban Challenge, cars that drive themselves face off in a strange, soulless 
rush hour, Are human drivers about to go the way of the buggy whip? 


VICTORVILLE, CALIFORNIA—The Land Rover 
bristles with sensors like a mechanical por- 
cupine, John Leonard, an engineer at the 
Massachusetts Institute of Technology 
(MIT) in Cambridge, ticks off the robot's 
features. On the roof spins a conical laser 
range finder called a lidar that sees in three 
dimensions. A dozen lidars that s 
direction, 15 radars, and six digital cameras 
look out every which way. Computers fill 
the back of the truck, and a generator sup- 
plies the 3.3 kilowatts of power 1 
It’s impressive, But all this so the truck can 
turn left across traffic by itself? 

The robot is one of nearly three dozen 
vying in the Urban Challenge, a competition 
sponsored by the U.S, Def 


cin one 


Agency (DARPA), It’s the third 
and most demanding in a series 
that aims to spur the development 
wonomous vehicles, which 
the U.S. military hopes to press 
into service by 2015, In 2004 and 
2005, robots raved one at a time 
‘across open terrain. This time. 
they must navigate the streets of 
an abandoned air base here in the 
Mojave Desert without colliding 
with one another or with human- 
guided vehicles, 

The competition showe: 
some of the world’s best talent in 
roboties. “We were drawn to the 
‘Urban Challenge because it requires real- 
decisi 


says. It 
ing to save lives, as worldwid 
people die each year in trafti 


so serves the higher purpose of try- 
1.2 million 
idents that 


robotic cars might help avoid. 

And yet the Urban Challenge is at least 
slightly absurd. It looks a bit like a real race. 
Engineers wear bright shirts emblazoned 
with the logos of sponsors—GM, Ford, Intel, 
Google. Teams have hauled in tractor trailers 
full of equipment and plastered their robots 
with decals. Besides the $2 million first prize. 
the appeal of the challenge is obvious. It's 
hard, and by pitting idea against idea and 
technology against technology, “it deter- 
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mines what technical DNA movesto the next 
generation” in the evolution of autonomous 
says roboticist William “Red” 
taker of Carnegie Mellon University in 
Pittsburgh. Pennsylvania. 

Still, the task the robots will attempt 
seems so ordinary. They must obey the Cali- 
fornia traffic laws (although if two collide, 
they won't have to exchange insurance infor- 
mation as human drivers are required to do), 
We're all here to watch traffic. But we won't 
see with our own eyes. Instead, we'll have to 
watch iton television. It’s not even clear what 
ARPA gets out of this well-crafted media 
circus, The competition is meant to stimulate 
the development of cars that drive them- 


Comeback kid, After a delayed start, Carnegie Mellon’s Boss 
cruises briskly to a victory, 


selves—and it has—but DARPA does not 
require winners to reveal to the agency the 
details of their technologies. 


Go ahead, bend the rules 

At the decaying fighter ross the 
road from the new federal prison here in 
Victorville, 11 teams have made the final 
competition. Three years ago, not one robot 
traversed more than a dozen kilometers of the 
230-kilometer off-road course. A year lat 
four completed a similar course. And this 
year’s robots are far more capable than last 
‘year's crop. possessing better sensors, more 
Powerful computers, and, most important, 
more sophisticated programming. “Driving is 
software problem, not a hardware problem.” 


says engineer Michael Montemerlo of 
ford University in Palo Alto, California. “ 
Stanford, we can’t build a better car, but we 
can make a smarter ca 

Computationally, this year’s challenge is 
much more difficult than the first two, 
researchers say, Inthe desert races, the robots 
had only to identify obstacles in a static land- 
scape and plot a safe path around them. This 
time, the vehicles will have to avoid other 
cars, including other robots, while at the same 
time obeying the relatively arbitrary traffic 
Jaws. To do that, each robot's computer must 
calculate the likely trajectories of all the 
objects around it and plan to miss them, OF 
annot know exactly where 
ally 
employ layers of probabilistic algorithms to 
decide their next moves 

MIT has decked its robot, Talos, with the 
_most sensors. The radars see distant objects, 
the lidars sce at an intermediate range, and the 
cameras spot things close by, explains David 
Barrett, a team member from the Franklin W, 
Olin College of Engineering in Needham, 
Massachusetts, Talos depends mainly on its 
sensors to navigate, Barrett says. That's 
because the team assumed, incorrectly itturns 
‘out, that DARPA would not let robots use sit- 
nals from the satellite-based Global Position- 
ing System (GPS) all over the course. 

Researchers from Stanford, who won the 
2005 competition, say that they focus on the 
algorithms programmed into their robot 
Merely encoding the traffic laws can leave the 
robot stymied, says Stanford computer scien- 
tist Sebastian Thrun, For example, when two 
robots arrive at a four-way stop simultane- 
ously, each may try to yield to the other end- 
lessly. To avoid such deadlock, the team lets its 
robot skirt the laws. “Our ear has hierarchy it 
follows.” Thrun says. “At the top, it obeys 
strict rules, And ifit gets stuck, itignores more 
and more rules.” Fair enough. Why expect 
more from a robot than a human’? 

Team AnnieWAY, one of two German 
squads in the final, has taken a minimalist 
approach to guiding its Volkswagen Passat 
The team relies almost entirely on the 
‘$75,000 three-dimensional (3D) lidar, which 
Bruce Hall and colleagues at Velodyne 
Acoustics Inc. in Morgan Hill, California, 
developed to compete in the 2005 DARPA 
challenge. The sensor may be all you need, 
says Soren Kammel ofthe Karlsruhe Institute 
of Technology in Germany. “I think some 
teams have. lot of sensors because they have 
a lot of sponsors, and everybody wants their 
sensor on the car.” he says. 

Even that one sensor is beyond the means, 
of Donald Harperand his six teammates from 


course, a robot 
another car will go, so the machines gen 
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versity of Central Florida in Orlando, 
“ve outtitted Knight Rider, a 1996 Sub- 
aru Outback that belonged to Harper's wife 
and has 99,257 miles (159,705 km) on it, with 
just enough gizmos to get around the 
course—they hope, Instead of the spinning 
3 lidar, they use two lidars that see in one 
direction and rock them back and forth, “It 
just one wire falls off, something essential is 
not going to work.” Harper says. Stil, the 
team made the final having invested only 
$130,000 in the project 


Robots, start your engines! 
Race day usually brings the intoxicating 
smell of high-octane fuel and the electri- 
fying scream of engines. But not here. At 
8:00 a.m., the robots leave the starting 
area, one by one, like rental ears leaving a 
lot. There’s a glitch. Interference from a 
jumbo TV screen knocks out the GPS 
receiver of first qualifier, Boss, Carne; 
Mellon's Chevy Tahoe. The team replai 
the unit and has to wait 30 minutes to 
regain the signal, Meanwhile, Odin, a Ford 
Escape trom Virginia Polytechnic Institute 
and State University in Blacksbu 
Junior, Stanford's Volkswagen Passat; and 
the others head out, hesitating and swerv- 
ing as if driven by octogenarians, After a 
half-hour, all 11 robots—plus their chase 
cars and 37 other cars—are on the road. 
There’s only one curve from which to 
‘glimpse the robots, so DARPA has hired a 
helicopter and is televising the event on three 
vast tent. Jamie Hyneman and 


huge screens in 


3 Grant Imahara of the geeky cable-television 
show Mythbusters provide commen- 


& realin 


race and the infamous O. J. Simpson low- 
speed police chase. 

Each robot has to complete three “mis- 
sions” comprising six or seven “submis- 
sions.” such as parking in exactly the right 
space ina lot, riversing an off-road passage. 
‘or navigating between two places. After each 
mission, the robots return to the start area to 
download the specifications for the next, and 
ich machine must travel 60 miles (97 kilo- 
meters) in less than 6 hours, 

At first, the action comes fast and heavy. 
An hour into the race, TerraMax, the hulking 
vehicle entered by military contractor 


Oshkosh Truck Corp. in Wisconsin, turns 
toward a pillar and gets stuck staring at it 
Forty-five minutes later, Central Florida runs 
straight toward a house. Caroline, the robot 
from Team CarOLO, the other German squad, 
collides with MIT's Talos and loses sensors. 
By 11:00 a.m, five robots have either failed 
or been disqualified. 

Then things settle down. The remaining 
robots’ “personalities” emerge. Carn 
Mellon's Boss zooms confidently away from 
a hard charger like team leader Whit- 


stops. 


MIT's Talos is aggressive in italso 
clips Cornell's Chevy Tahoe, Skynet—but 
skittish off-road. stopping and starting like a 
creeping down a steep slope. 

Around 1:30 p.m., three teams have nearly 
completed their missions, and spectators 
swarm back to the grandstands. At 1:42, Stan- 
ford cruises across the finish line, followed a 
minute and a half later by Carnegie Mellon. 
Upstart Virginia Tech cruises home third 
‘even without the 3D lidar. “We knew we were 
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good” says Virginia Tech's Alfred 
done our home- 
work.” The University of Pennsyl- 
vania’s Toyota Prius, Little Ben, 
straggles in an hour later. Some- 
time past 3:30 p.m., MIT slips in 
just before Comell 

The outcome seems obvious. 
Carnegie Mellon spotted Stan- 
ford and Virginia Tech a 20- 
minute head start and made up 
almost all of it, It seems the v 
tory should be theirs. DARPA 
officials will make the final eall, 
however. And, some participants 
grumble, DARPA never fully 
explains its judgments, 


‘Make it out to 
But the next morning brings 
no surprises. Carnegie Mellon 
walks off with the win, Stanford 
takes second and $1,000,000, Virginia Tech 
takes third and $500,000, “There's tremen- 
dous satisfaction in what the whole field 
-omplished” Whittaker says, “That was a 
day that stunned the world.” DARPA Diree- 
tor Anthony Tether also gushes, "Quite 
frankly, 1 watched these things and | forgot 
afier a while that there wasn’t anybody in 
there.” he says, “It's “bot on 
bot for the first tim 

Maybe there's something to the grandiose 
rhetoric, Now only a Luddite could doubt that 
soon cars will guide themselves, at least in a 
pinch to avoid collisions. Infact, the technol- 
‘ogy already seems ripe for low-risk applica- 
tions, such as automating farm equipment, 
and the leading teams are pushing to com- 
mereialize their software, “I think it’s going 
to come in bits and pieces.” says Charles 
Reinholtz, leader of the Vi 
and an engineer at Embry- 
in Daytona Beac 
ly, the success of the Urban Chal- 
lenge could reduce the chances that DARPA 
Will stage another competition. “DARPA 
never finishes anything.” Tether says. “All we 
dois show that itean be done” in the hope that 
industry takes over and pushes further devel- 
‘opment. Clearly, when it comes to making 
robotic ears, the Urban Challenge has shown 
that itis possible, 

Still, many engineers are e 
competition, Their robots are ly ready 
for the open road, they say, and many already 
know what they would like to see in the next 
challenge: a contest for autonomous cars that 
must communicate and work together. Sud- 
denly, that doesn’t seem quite so absurd. 
ADRIAN CHO 
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BEHAVIORAL GENETICS 


Evidence Linking DISC1 Gene to 
Mental Illness Builds 


‘Animal studies add weight to the view that an important gene for brain development 
plays a role in diseases such as schizophrenia and depression 


Every clan has its misfits, but an extended 
family in northern Scotland is extraordinary 
More than half have suffered from schizo- 
phren ther form of mental illness. 
A group of Scottish researchers reported in 
1990 that the affected people all carried the 
same genetic anomaly—a translocation, or 
swwap, of two stretches of DNA on the long 


arms of chromosomes | and 11. With mod- 
esty, the investigators wrote that this “may be 
4 promising area to examine” for genes that 
predispose people to mental illness. 

The area turned out to be very promising 
indeed. By the year 2000, it had led 
researchers to a gene called DISC1, which 
may be a key player in the chain of events 
leading to mental illness. The circumstantial 
evidence for assigning a major role to 
DISCI (Disrupted-in-Schi 
strong. Several studies have linked the zene 
to schizophrenia, major depression, bipolar 
disorder, and autism; recent findings on 
DISC1’s biological function appear to sup- 
port the hypothesis 

Animal studies have shown that the gene 
is needed for normal brain development 
both in the embryo and later in life and that 
blocking its function produces subtle abnor- 
malities in brain structure resembling those 
in patients with schizophrenia, The pro- 
n encoded by the gene also turns out to be 
part of a nerve cell signaling pathway 
involved in learning, memory, and mood. 


iphrenia 1) is 


16 NOVEMBER 2007 VOL318 SCIENCE 


think this gene is really the first big br 
through in schizophrenia ... and other me 
tal diseases,” says Christopher Ross of Johns 
Hopkins University School of Medicine in 
Baltimore, Maryland, 

After decades of following false leads, 
sarchers are cautiously optimistic that they 
he track with DISC/. But the ev 
ice isn’t airtight. Except 
in the Scottish family, 
researchers have 


k- 


re 


teonsis- 
tently linked any particular 
DISC1 variant to a mental 
disease. “There's no smok- 
ing gun,” cautions psychi 
trist Daniel Weinberger of 
the National Institute of 
Mental Health in Bethesda, 
Maryland. But ifthe connec 
tion of DISC1 to mental dis~ 
ordersholds up, it might lead 
to better therapies fort 
ing the conditions. 


espe- 
cially schizophrenia, a de 
stating disease that is now 
poorly controlled at best 


‘The hunt begins 
Gene hunters have had a 
hard time pinni he 
genes involved in mental 
disorders mainly because 
the diseases are complex, 


Held in place. An RNAi that 
blocks DISC1 synthesis prevents 
migration of neurons (green) to 
the upper layer of the cortex in 
mice (right micrographs); controls 
are on the let. 


meaning that several genes, as well as envi- 
ronmental factors, contribute to their devel- 
opment. That's why the Scottish family 
proved to be such a boon, The 1990 study, 
which was conducted by a team includin; 
David St. Clair, Douglas Blackwood, and 
Walter Muir of the University of Edinburgh, 
ion disrupted by 
the translocation seen in affected members of 
the Scottish family held one or more genes 
involved in the disorders 

ene search went slowly at first, but in 
n led by David Porteous and 
Kirsty Millar, also at Edinburgh, identified 
two previously unknown genes on chromo- 
some I that were interrupted by the genetic 
anomaly. Attention has focused on the first, 


The g 
2000, 


DISC1, which normally produces a large pro- 


tein the structure of which suggests that it 


interacts with other proteins, 

Shortly after identification of DISCI, a 
follow-up study by the Edinburgh workers 
buttressed a causative role for the gene in the 
mental disorders of the Scottish family; that 
linkage a 
tistical validity 


alysis had a high degree of sta~ 
a LOD score of 7 when 3 is 
considered good, In this fami 


close to causality as you could get,” Porteous 
says. Even so, environmental influences may 
still be important, as few members carry the 
translocation but remain unaffected 

The Scottish family is unusual because so 
many members develop bipolar disorder and 
depression, as well as schizophrenia, and no 
‘one has detected a similar DISCI abnormality 
in other families. In 2003, however, Leena 
Peltonen of the National 
Public Health Institute in 
Helsinki, Finland, and her 
colleagues reported a link- 
e between a particul 
of three single: 
variants (single 
polymorphisms) in DISCT 
and schizophrenia in a 
group of 458 Finnish fami- 
lies. “Thisis the first genetic 
at DISC has 
to do with 


cleotide 
cleotide 


evidence t 
somethin 
the more common garden 
variety of schizophrenia,” 


Peltonen says 
Other workers have 
picked up linkages between 
DISCI variants and schizo- 
phrenia in a few U.S. and 
European families. And this 
year, the Peltonen team 
linked the gene to bipolar 
disorder and to autism in 
their Finnish population 
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Research on DISC’s normal function has 
strengthened the case that it is involved in 
mental disease. For starters, the gen 
expressed in many tissues, but particularly in 
brain areas such as the hippocampus and cere- 
bral cortex that are affected in schizophrenia. 
That puts the gene's protein product in the 
right locations to influence the development 
of the mental disease, 

In addition, as predicted from DISCI’s 
structure, researchers have unmasked numer- 
‘ous binding partners forthe protein, The eur- 
rent count stands at about 50, Porteous says, 
including “10 or 12 where the interaction 
influences function.” Several of these partners 
suggest arole for DISC/ in brain development 
and cognition, 

For example, about 5 years ago, three inde 
pendent groups, those of Porteous, Akira Sawa 
of Johns Hopkins University School of 
¢, and Christopher Austin at Merck 
Research Laboratory in West Point, Pennsylva- 
nia, found that DISC binds to a protein called 
(for NudE-tike) that is needed for the 
neuronal migrations that occur during by 
development, Several other partners of DISCT, 
including FEZ 1, LIS1, dynein, and tubulin, are 
also involved in nerve-cell migrations. 

That suggests that brain development 
might go awry if DISC/’S function is altered 
sing, Evidence supporting that idea 
's the demonstration about 3 years ago 
by the Sawa team that inhibiting DISC/ syn- 
thesis in mouse embryos with small interfer- 
ing RNAs causes abnormal migration of neu- 
rons tothe cerebral cortex, 

More evidence comes from animal models 
developed in the past year. This fall, two Johns 
Hopkins groups, one led by Sawa and the 
‘other by Mikhail Pletnikov, published reports 
‘on two similar mouse models produced by 
introducing a truncated version of the DISC 
gene into mice. Both lines showed similar 
changes. “The brain is superficially normal 
but isn’t wired correctly" says Ross, a mem- 
ber of the Pletnikov tea 

Outgrowth of neuronal projections called 
neurites, which help guide neuronal migra- 
tions, was reduced. In addition, interior brain 
spaces called ventricles were larger than nor- 
mal—an alteration also seen in people with 
schizophrenia, And although it’s not possible 
to diagnose mice as “schizophrenic.” the ani 
mals showed certain behavioral changes seen 
in human patients, such as hyperactivity and 
Z social and cognitive impairment. (The Sawa 
§ team’ results were published online 3 August 
‘ib the Proceedings of the National Academy of 
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Sciences: those of the Pletnikov team 
§ appeared online in Molecular Psychiatry on 
5 11 September.) 
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In these mice. the mutant DISCI protein 
exerted its effects in the embryos. Another 
Johns Hopkins group led by Hongjun Song 
has traced the gene’s effects in the brains of 
adult mice. In these experiments, described 
in the 21 September issue of Cell, the 
researchers showed that inhibiting DISC/ 
expression in newly formed adult brain neu- 
rons produces effects opposite to those seen in 
the other mouse models. Neurite outgrowth 
increased rather than decreased, and neurons 
migrated farther than normal. “If you disrupt 
DISC1 function, everything goes faster.” 
Song says. 

‘Sawa notes that there are precedent f 
same molecule having opposite ef 
depending on its context, Indeed, he is now 
working with Song and Pletnikov to identify 
the molecular change that can switch DISC 
activity from inhibiting to stimulating neu- 
ronal migration, But whatever the outcome, 


Brain disruption. Putting 3 mutant human DISCL 
‘gene in mice produces enlarged lateral ventricles 
similar to those of human schizophrenia patients. 


researchers have long thought that schizo- 
phrenia is the result of aberrant brain develop- 
ment, and the results with these models but- 
tress the case that irregularities in DISC/ 
function contribute to that. 


A CAMP connection 

Although it may not be possible to help 
patients by correcting abnormalities in brain 
development. work by Porteous and Millar, in 
collaboration with Miles Houslay of the Uni- 
of Glasgow, 
tack to take. Two years ago, this group identi- 
fied an enzyme called phosphodiesterase 
4B (PDE4B)as one of DISCT’s many binding 
partners. This enzyme is a key regulator of 
-yelic adenosine monophosphate (CAMP), 
which transmits nerve signals into cellular 
those needed for mem- 


The PDE4B enzyme breaks down cAMP 
after it has done its job in the cell, and further 
work by the Edinburgh group indicates that 
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DISC1 inhibits this activity until rising cAMP 
concentrations cause it to drop off the PDE4B. 
molecule. Alterations in DISC/ structure that 
disrupt the normal DISC/-PDEAB interaction 
might therefore interfere with learning and 
memory, among other things. “This is very 
important work.” Sawa says. “Memory and 
cognition are both disturbed in schizophrenia 
and bipolar diseas 

Additional evidence that disrupting the 
DISCI-PDE4B interaction can affect mental 
states comes from work on mouse models 
developed by Steven Clapeote and John 
Roder of Mount Sinai Hospital in Toronto, 
Canada, and their colleagues in collaboration 
\ith the Porteous team. (The results appeared 
‘on 3 May in Neuron, )By screening a library of 
mutant mice at the RIKEN research institute 
in Japan, the researchers identified two lines 
‘of mice, each witha different DISC/ mutation 
that reduces DISC/ binding to PDE4B, 

Behavioral studies further showed th 
mice with one mutation display symptoms 
construed as schizophrenia-like, including 
hyperactivity and impaired learning and 
memory. Those symptoms were reduced by 
treatment with the drug rolipram, a PDEAB. 
inhibitor, and also by treatment with two 
drugs used to treat human schizophrenia, The 
other mouse stntin, Porteous says, had more 
depression-like symptoms, For examp 
when placed in water, the animals quickly 
xzave up trying to escape and simply floated, 
These animals responded to treatment with 
antidepressant drugs. Developing drugs to 
regulate an enzyme such as PDE4B might 
lead to better ways of treating schizophrenia 
and other mental disorders. 

The fact that DISC/ associates with so 
many different proteins might help expla 
the diversity of conditions to which it has 
been linked. “It seems that DISC acts as a 
scaffold around which other proteins cluster,” 
Porteous says. Thus, the symptoms that 
develop in a given individual might depend 
‘on which interaction is altered by a genetic 
variation in DISC], And conversely, yaria- 
tions in any of DISCI’s partners could also 
lead to abnormal brain development or func- 
tion. Geneticists have begun hunting for link 
‘ages between these other proteins and various 
mental disorders, 

Neurobiologists are heartened by what 
they've learned so far about DISC/. At the 
very least, the work has tapped into what 
could bea very important pathway for regul 
ing brain neuron activities. As Ross puts 
“the findings support the idea that schizophre- 
nia is a brain disease and can be studied the 
same way as degenerative diseases.” 

JEAN MARX 
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LETTERS 


edited by Jennifer Sills 


The Origins of Human Bipedalism 


THE REPORT BY S. K, 5. THORPE ETAL. ON HAND-ASSISTED ARBOREAL 
bipedalism in orangutans certainly deserves attention (“Origin of 
for locomotion on flexible bra 


human bipedalism asan adapta 
1 June, p. 1328), But does the dis 
human-like straight-leg bipedalisi 
bipedalism is ... less an innovation than 
behavior retained from the common 
embraced by P. O'Higgins and S. 
Perspective (*Walkin; 


embodies the Lamarckian use-disuse expectation that the posteranial 
features unique to humans and their fossil relatives would have emerged 


because a common human-ape ancestor ha 
But no known ape—fossil or extant 
associated with huma 


ber of years of early apes sta 


iva 


n exploitation o 
Feat ape ancesto 
n in their 
‘on trees,” | June, p, | 


ori 
possesses the poste 
Like bipedalism, and to anticipate that any 
up in trees would have led to the dev 


iches.” 


locomotor 
Although 
“ompanying 
2), this interpretation 


nally stood bipedally 


lopmental reo 


that underlies such profoundly human morphological novelty (/), while engaging the 


imagination, unduly stretches the bounds of biology 


JEFFREY H. SCHWARTZ 


Departments of Arthvopology and History and Philosophy a Science, Univesity of Pitsburgh, Pitsburgh, PA 15260, USA. 


Relerence 


1, C0, Lovey, MJ. oha,T.D White, Poe. Not Aco. Se. USA, 96, 13247 (1999) 


Response 
SCHWARTZ IS INCORRECT TO CLAIM THAT OUR 
propoml is Lamarckian, We refer to selection 


paper is to identify a selective pressure that 


could have favored the adoption of upright, 
straight-legged bipedality in an arboreal 
context, That some of the posteranial features 
that facilitate such posture may be controlled 
bya limited number of developmental genes 
(Z)is interesting, but unless Schwartz is pro- 


posing that natural selection cannot operate 
fon stich genes, itis not relevant to an assess- 
ment of our paper. 

The most striking feature of modern 
human bipedalism compared with that 
of other vertebrates is that we walk with 
extended hips and knees (2). permitting 
substantial energy savings by exchange 
of potential and kinetic energies. In their 
facultative bipedalism, untrained captive 


orangutans and, as we show, wild oran 
utans (3) adopt trunk, hip, and knee postures 
much closer to those seen in human bipeda 
ism than in untrained chimpanzees, bon 
bos, or gorillas. Even abnormally r: 
trained chimpanzees that are habitually 
bipedal do not match the hip and kn 
extension seen in bipedalism of untrained 


red bipeda 
however controlled, have indeed bes 
subject of positive selection. These charac- 
teristics of orangutan bipedalism have almost 
certainly been selected for in an arbore: 
context, as part of a continuum of largely 
ade locomotor behaviors, 

use the common ancestor of crown 
hominoids is likely to have had a similar niche 
to orangutans—that is, to have been a rip 
fruit eater exploiting the peripheral canopy of 


sm in ora 
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tropical forest trees (4)—our findings are 
highly relevant to understanding the origins of 
human bipedalism, Features of the trunk and 
pelvis favoring upright walk 
present in early, arboreal, crown homi 


were already 


such as Pierolapithecus and Hispanopithecus 
(Drvopithecus) laictanus (5) [the latter also 
showing orangutan-like features of the 
hand (6)], and there is strong evidence 
for highly and habitually extended hips 
in the much later, partially or wholly 
arboreal crown hominoid Orrorin (7), 
These adaptations would certainly facil- 
itate the adoption of habitual terrestrial 
bipedality by early hominins, Terrestrial 
bipedalism would then be expected 10 
ect for features of the hominin post- 


cranium that enhance the effectiveness 
of human (terrestrial) bipedalism (/), 
.., adaptations limiting abduction of 
the thigh on the trunk (such as a short 
itium) and a talocrural joint that f 
-gsover the stance 


ors 


also at the expense of abduction—as, 
en first in Austrulopithecus anamensis (8). 


Such selective forces eventually lead to the 
modern form of the human foot and pelvis, 


although this may not have been in place even 
in early Homo. 

S.K.S. THORPE, R, L, HOLDER? 

RH. CROMPTON? 


School of Biosciences, University of Birmingham, 
Edgbaston, Birmingham 815 277, UK. ‘Department of 
Primary Care and General Practice, University of Biming: 
ham, Edgbaston, Birmingham B15 217, UK. °School of 
Biomedical Sciences, University of Liverpool, Sherrington 
Buildings, Ashton Stret, Liverpool 169 3GE, UK 
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What's in a Name? 


IF THE NAME LUPA FOR THE EUROPEAN DOG 
genome stuly was chosen aferthe Roman she- 
‘wolf (“Europe going to the dogs.” E. Pennisi, 
News Focus, 21 September, p. 1670), the 
choice is not @ felicitous one, The she-wolf 
legend was dismissed even by the Roman 
historian Titus Livius, who explained that the 
mother of Romulus and Remus was a certain 
‘Acca Laurentia, a very prosperous sex worker 
(Go use a Dutch expression)—so prosperous 
that she lefta lot of money to the city founded 
by her sons. In popular Latin, lupa meant she~ 
wolf, but it also meant whore, Even today, in 
certain languages, we speak of rothelsas lupa- 
‘nari (in Halian; the French have a similar word). 
Obviously, no one wants to have a whore on 
their standards, and that is how the she-wolf 
legend came about, Lam affaid that our Euro- 
pean colleagues made the same mistake as 
Mussolini, who called the preschool Italian 
children /7gl della Lupa, thus sending acollec- 
tive insult to Italian mothers. Ifthe LUPA con- 
sortium were to change their name, I suggest 
JASPER, the name of my German shepherd, 
who is, of course, the best specimen of the best 
of all possible breeds, 


RENATO BASERGA 


Department of Cancer Biology, Thomas Jefferson University, 
Philadelphia, PA 219207, USA, 


The Carbon Benefits of 
Fuels and Forests 


THE POLICY FORUM “CARBON MITIGATION BY 
biofuels orby saving and restoring forests?” by 
R. Righelato and D. V. Spracklen (17 August, 
1p.902) provides limited perspective as a result 
of'a single, relatively short time horizon and 
limited consideration of the options available. 
Righelato an Spracklen conclude thatthe ear- 
bon sequestered by saving oF restoring forest is 
greater than the emissionsavoided by the use of 
the liquid biofuels. Ahough they may be cor- 
rect given current technology, the case studies 
they analyzed, and a30-year time horizon, their 
conclusion is dependent on site, technology. 
and time, and it does not apply to biomass used 
for direct combustion or gasification, Marland 
and Schlamadinger (/) showed that the carton 
balance between restoring forests and proxduc- 
ing biofuelsis site-specific and depends on bio- 
mass produ the efficiency with which 
harvested material is used, the initial state ofthe 
surface vegetation, and the fossil fuel to be dis- 
placed, When forest products are used effi- 
ciently to displace carbon-intensive fossil fuels, 
and when productivity is high, sustainable 
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‘CORRECTIONS AND CLARIFICATIONS 


[News ofthe Week: “CDC director's message on risk runs afoul of White House edits” by E Kintisch (2 November, p. 726). 
The photo caption should not have said that White House scence adviser John Marburger wanted to remove parts of pro- 
‘posed testimony by CDC Director ube Gerberding on the public health tfc of olobal warming. Marburger raised ques- 
tions about portions of her testimony but did nt suggest any cut. 


TECHNICAL COMMENT ABSTRACTS: 


Comment on “Origin of Human Bipedalism As an Adaptation for Locomotion on 


Flexible Branches” 


David R. Begun, Brian G. Richmond, David S. Strait 


Thorpe eta. (Reports, 1 une 2007, p.1328) concluded that human bipedalism evolved from a typeof bipedal posture 
they observed in extant orangutans with seemingly human-like extended knees, However, humans share knuckle- 
walking characters with African apes that are absent in orangutans. These are mas parsimoniousl explained by positing 


‘a knuckle-walking precursor to human bipedalism. 


Fl ext at we sclencemag.org/eqlcontentAull3 18/585 310664 


Response To Commenr on “Origin of Human Bipedalism As an Adaptation for 


Locomotion on Flexible Branches” 


Robin H. Crompton and Susannah K. S. Thorpe 


fegun eo purport to present technical concerns regarding ou case for an arboreal origin fr terres bipedalism in 
eaty hominis, but merely reiterate ther knuctle-walinghypothess, which lacks support from the fossil record and is 
‘Wahy unpasimanius. The technical concerns are refute by published studies ied in our study ad thus donot affect 


‘ur orginal conclusions. 


Ful text at wn sciencemag.org/eqlcontentAull3 18/585 31066 


harvest yiekds the greater carbon benefit, espe- 
cially over a longer time period. Current- 
technology liquid biofuels represent low- 
efficiency conversion of harvest to enengy, but 
direct combustion or gasification is more effi- 
cient at displacing carbon from fossil fuels. 
Righelato and Spracklen show that, over 30 
‘years, even producing diesel fuel from woody 
‘biomass can begin to look “compatible” to 
reforesting temperate cropland, As we wrote in 
1997, “there is not a one-size-fits-al strategy 
for optimal management of all land available 
for forest management to mitigate CO, emis- 
sions” (/). However, in many circumstances, 
biomass can produce greater carbon benefit 
than saving or restoring forests, 

‘GREGG MARLAND, ©? MICHAEL OBERSTEINER,? 

‘BERNHARD SCHLAMADINGER? 

nternational institute fr Applied Systems Analysis, 
1-2361 Lanerbus, Asta “Enérormertal ences Dison, 
(ik Ridge Nationa Laboratory, Oak Ridge, TN 37831-6335, 
USA. Joanneum Research, ASO1O Gra, sta. 

Reference 

1G. Marland 8 Schamadinges, Biomass Bioenergy 23, 
389 997. 


Response 

IN OUR POLICY FORUM (17 AUGUST, P. 902), 
‘we explicitly considered only liquid biofuels, 
Which substitute for petrol and diesel. Large- 
scale replacement of fossil fuels in transporta- 
tion isa more intransigent problem than the 
substitution of fossil carbon forheat and power 
considered by Marland and Schlamadinger 


(2), for which a range of carbon-free options 
exist, sich as nuclear, wind, and solar power. 
We took a window of 30 years for our compa 
ison of biofuels and forest restoration beeaus 
this isthe time scale that will likely be needed 
to develop and implement carbon-f 
transport-fuel technology. On this time scale, 
the current biofuels reduce carbon dioxide 
emissions less effectively than restoration 
of forests. As Marland, Obersteiner, and 
Schlamadinger indicate, there may be net 
carbon benefits from biofuels if longer time 
periods and new technology are considered. 
However, these avoided emissions would be 
too small and too late to meet targets of 60% oF 
‘more reduction in emissions by 2050, 

We noted in our Policy Forum that under 
some circumstances, fuel use of woody bio- 
‘mass may be compatible with retention of for- 
est carbon stocks and may provide net carbon 
benefits similar to forest restoration in temper= 
ate zones. This is consistent with the model of 
Marland and Schlamadinger (1). Howev 
land resources for arable substitution of trans- 
port fuels on the scale required are not avail- 
able without further extensive deforestation, 
which would cause massive carbon dioxide 
emissions. Further demand for forest land to 
provide biomass for burning or gasification 
‘would need to be on a similarly large seale to 
‘meet emissions reductions targets. Itis becom 
ing increasingly clear that the risks associated 
with these land-use changes may outweigh any 
benefits. In our view, biofuels cannot providea 
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solution to our energy needs, but by appearing 
to be a “quick fix.” they may distract us from 
developing effective, long-term, carbon! 
solutions inthe time window available to us. 

RENTON RIGHELATO! AND DOMINICK V. SPRACKLEN? 
World Land Trust, Halesworth, Suffolk, 1P39 BAB, UK 


School of Earth and the Environment, University of Leeds, 
oeds 152 917, UK. 
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Eyeing a New Network 


genomic information, to enable clinical re- 
search and the ability to recontact patients. We 
provide one example of how clinicians, their 
patients, and researchers can fully participate 
inand benefit from research. 

In 2003, the National Eye Institute con- 
vened a broadly representative group to envi- 
sion National Genotyping Network forinher- 
ited eye diseases with two goals: to provide a 
resource for ophthalmic research in inherited 
ocular disorders, and to allow access to geno- 
typing for patients and their doctors. A net- 
work of certified laboratories (/) was orga- 
nized with a coordinating center to which a 


heritable ocular conditions. The Network has 
‘not encountered any issues related to breaches 
in patient confidentiality or concerns about 
employment or insurance discrimination. This 
research project has been enthusiastically 
received by the ophthalmic and optometric 
‘community and stands as an example of how 
‘genomic research can be translated to patient, 
IAN M, MACDONALD, BRIAN P. BROOKS, 

PAULA. SIEVING 

Nationale Institute, NM, Bethesda, MO 20892-1860, USA 


References and Notes 
1. Laborateries were cette according fo the Clokal 
Laboratery improvement Amendment (CLM. 


2. The Natonat Ophthalmic Disease Genotyping Network, 
‘eSGENE™ (nn. golesourceseyegene as) 


secure Web-based database was linked. In 
September 2006, the eyeGENE™ Network 
received its first sample (2), Phenotypic infor- 
‘mation was entered by the patient's doctor with 
the understanding that the patient and physi- 


|. S. KOHANE AND HIS COLLEAGUES’ POLICY 
Forum (11 May, p. $36) on “Reestablishing 
the researcher-patient compact” should evoke 
response trom clinical researchers. Health- 
care organizations are keen to use large data- cian would receive a molecular genetic test 
bases of information that have accumulated result and that the physician would provide 
through record-keeping for elinical care genetic counseling for that result. The anony- 
delivery. Unfortunately, the consent process mous DNA simple, with the linked genotypic 
did not necessarily allow the freedom to con- and phenotypic data, was then placed in 
tact patients as research subjects, The authors an open-source repository to enable future 
propose a prospective approach in developing research. To the repository has 205 
informed cohorts, with linked medical and samples representing a diverse collection of 
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The Universal Darwinism of Disease 


David C. Krakauer 


‘ost remember the tithe 
onary book. On the 


Origin of Species by Means of 
Natural Selection, but then for- 
the subtitle, Or, the Preser 

vation of Favoured Races in the 
Struggle for Life. Whereas the 
former pertains to change and 
variation, the latter relates to sta~ 
bility and uniformity. Th 
matical theory of evolution has 
sought to explo 

quences of mutation and varia- 


and those con- 


tion on chang 
straints and evolved mechanisms 

that confer robustness on organisms. These 
robustness mechanisms are ofien dedicated 


Evolutionary theory is the 
toadopt when we are seeking to 
account forthe sources and con 
straints of variation in mutable 


lineages within large popula 
tions, This. lie 
appropriate, the application of 
Darwinism to a stunning range 
of phenomena, from th 
dynamies of genomes, the pro- 
id the 
processes of speciation to the 


nses, where 


gression of disease, 


origin ofa 
we are dk 


guage. In each case, 
ling with random 
processes of variation, develop 


tment. replication, drift, and 
selection, But the effectiveness of the theory as 
for all powerful scientific theories, tums on the 
subtleties of quantitative rigor. 

In The Dynamies of Cancer. evolutionary 
biologist Steven Frank (University of Cali- 
fornia, Irvine) explores a theoretical immunol- 
ogy perspective on cancer—seeking to connect 
abundant data on coarse-grained phenotypic 
patterns to detailed microscopic, mutation- 
selection dynamics, The core macroscopic 
focus of the book is the age incidence curve 
of cancer, and the microscopic explanation 
resides in multistage progression, 

Age-specific incidence records the number 
of caneer cases per year for a particular age 


The reviewer i atthe Santa Fe Insitute, 1399 Hyde Pack 
Road, Santa Fe, NM 87501, USA. E-mail: krakauer@ 
santaleedu 


16 NOVEMBER 2007 


Spectral karyotype, Multicolored painting probes reveal chromo 
‘somal rearrangements in an oral cancer cell 


oup divided by the number of people 
age group. When representing age ag 
thmic plot, one fr 
«quently observes straight line that can be fit by 

er! 


-¢ on a double Ic 


a function of the form / 
where / is the incidence, 1 the 
nd the number of st 
through wh 
gresses. The constant ¢ varies 

toanumber of differ- 


+h the eancer pro- 


factors. Different « 
different 
males, for example) tend to 
show very different patterns of 
incidence. Moreover, the slopes 
of these lines often depart from 
4og-log linearity, and their 
specific gradients (acceler 
tion) carry important information. It is the 
patterns—ineidence and acceleration—that 
Frank seeks to explain, as he sees them as the 
primary. quantitative signatures of cancer 

The key to understand 
acceleration is a multistage progression that 
describes a sequence of mutational events 
through which a tissue must transit on its path 
toward cancer. These mutations can be class 
fied according to their impact on the balance of 
cell birth and cell death. Mutations in genes 
involved in programmed 
the ability of cells to kill themselves. when 
detecting damage. Mutations in tumor suppres- 
sors remeve key constraints on cellular prolif= 
eration, and mutations in oncogenes typically 
stimulate cell division. Mutations in DNA 
repair pathwa to hypermutation and 
chromoson 


incidence and 
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‘of mutation toward cancer, Lastly, mutations in 


certain genes cause tumors to promote the 
growth of blood vessels required for tumor sur- 
vival. The mutational spectrum is vast, but 
the underlying logic is often fairly simple. 
Important contributions of the book are the two 
theory chapters in Which Frank develops a 
series of simple mutation-selection models, 
Building on pioneering work of Knudson, 
Armitage, Doll, and others, he aims to capture 
how variation in the sequential accumulation of 
mutations can generate the panoply of aze inci- 
dence curves. 

Frank's forte in the book is his search for 
the simplicity that is often masked by the com= 
plexities of cancer. With his mathematical 
‘models in hand, he tums to the details of cancer 
and provides 
novel integrative insights. For example, his 
models identify pote 


s, and a 


ies, carcino 


ial causes for the slow 


age acceleration of melanoma versus the rapid 
jon of pancreatic cancer. Frank’ par- 
simony-based approach to theory leads him to 
stress comparative analysis rather than curve: 
fing. The comparisons follow a hypothetico~ 
deductive model, whereby diffe 
od to hypothesize differ 
incidence curves of different 
‘why males tend to have more 
es, Fitting typi 
cally seeks to match a family of models to a 
le body of data in order to infer the under= 
lying dynamics. With a comparative (bottom- 
up) approach, there are fewer parameters and 
very dramatic differences to explain; with fit- 
ting (top-down), there isa high likelihood that 


fession are 


prog 
ences in the 


cancers, €.8. 
early in life than fema 


cance 


the fitreveals little beyond the flexibility of the 
model assumptions 

A pervasive them in the book concerns the 
lamentable, growing distance between molee- 


ular genetics a 


J the kind of macroscopic the- 


ory Frank favors. As our measurement te 
nology has become more precise and efficient, 
microscopic data enumeration has been 
emphasized over synthesis. This tendency is 
driven partly by expediency in the laboratory 
and partly by the absence of theory inthe train= 
ing of many molecular biologists. One of sys- 
tems biology’s avowed objectives is to unite 
coarse-grained mathematical and computa- 
tional theory with microscopic laboratory 
data, Cancer has had long history asa test bed 
for this kind of interdisciplinary approach. 
Dynamics of Cancer emphasizes both the 
multiscale dynamics of the disease and an 
approach that synthesizes empirical knowledge 
\with parsimonious, mathematical theory. Frank 
eld forward, narrowing the gap 
between a tragic disease of everyday life and 
the Danwinisn world of the genome. 
10. 126/ence. 1269952 
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PHARMACEUTICALS 


A Company with 
Great Impact 


‘Anna E. Simmons 


he history of Burroughs Welleome and 
[ Company is synonymous with the 
development of a modern, research- 
wed pharmaceutical industry in the United 
Kingdom. The firm was the first in the coun- 
try to adopt many industry characteristics, 
such as the establishment of research labora- 
toriesand the use of detail men, and it wasalso 
a leader in product innovation and ethical 
advertising, In Burroughs Hellcome & Co., 
historians Rey Church and Tilli Tansey pro- 
vide a detailed, profusely illustrated account 
of the company’s first 60 years, 


The reviewer is atthe Department of the History of Sclenoe, 
Technology, and Medicine, The Open University, Walton Hal, 
Milton Keynes MK7 6AA, UK. Email: a¢.simmons@ 
open.acuk 
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Thousands of Products. 


Wellcome. Both brought key skills to the part- 
nership: Burroughs contributed initial capital 
and innewation, foundations that Wellcome then, 
built on. The firm soon expanded its busine 
‘overseas and introduced detail men to market its 
products directly to medical practitioners, 
‘chemists, and druggists. In its first decade, the 
‘company underwent atran- 
sition from trading to man- 
uufacture, which culminated 
in the 1889 opening of its 
main factory in Dartford, 
Kent, and established itself 
as a leader in the British 
pharmaceutical industry 
The themes of know! 
edge, trust, and pre 
central to understanding 
the firm's development 
Trust provides a particularly interesting pe 
spective, highlighting both strengths and weak- 
nesses in the business operation. Despite their 
‘many achievements, Burroughs and Wellcome 
distrusted one another to the extent that after 
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various disagreements, Burroughs sought to 
terminate the partnership. Wellcome tri- 
umphed in the bitter legal battle that followed, 
but the dispute was still continuing in 1895 
when Burroughs suddenly died in Monte Carlo 
from pneumonia. Later on, an absen 


affect customers” trust in the 
for high-quality products and 
ethical advertising was central to 
itsrelations with both physicians 
and pharmacists, This trustwor- 
thy reputation was enhanced by 
Henry Welleome’s objective to 
advance medical knowledge 
through the creation of research 
oratories, whose scientists, 
could publish freely and purstie 
independent lines of research, 
Such an ethos undoubtedly 
assisted Henry Wellcome’s eventual sue- 
cess in 1901 in registering the Welleome 
Physiological Research Laboratories under the 
1876 Cruelty Act, That ach 
rment—which the authors describe as “possibly 
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the most important contribu 
tion Wellcome made to med- 
ical research in Britain” 
allowed the firmtocarry out 
the animal testing required 
for the production of anti- 
toxins and set a precedent 
for the registration of other 
laboratories associated with 
‘commercial manufacturers, 
While recognizing the 
Worth of trust and know!- 
edge in pharmaceutical 
‘manufacturing, Henry Well- 
‘comealso understood eom- 
mercial demands, and he 
‘emphasized the importance 
of “quality for profit” In the 
tothe First World War, net profits grew steadily 
to just over £80,000. This growth did not con- 
tinue indefinitely, and average annual profits 
declined sharply between the 1920s and 1930s, 
Placing the business in the contest of wider 
‘economic and industrial trends and examining 
the minutiae of the firm's administration 
and finances, Church and Tansey provide a 
more accurate interpretation of the problems 
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Burroughs Welleome en- 
countered than have pre~ 
vious histories. Holding 
back from directly ap- 
pealing to consumers 
through the mass media 
and remaining loyal to 
individual retail chemists 
(rather than discounting 
Prices for multiple-outket 
wholesalers such as 
Boots), the company was 
left behind by crucial 
developments in pharma- 
ceutical retailing. De- 
spite'tshistory ofresearch 
excellence. it launched 
‘only one important innovative product (Digoxin, 
4 substitute for digitalis) during the 1930s, 
while it also failed to diversify and develop 
ew lines of general goods. Knowledge, trust, 
and profit, the authors argue, are also cen- 
tral to understanding the difficulties the 
firm faced. 

The legacy of Burroughs and Wellcome 
stretches well beyond the firm they created and 
the time span covered in the book. Many who 
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trained in the Wellcome laboratories later ear- 
ried out pharmaceutical and medical research 
in academia, government, and industry. The 
caliber of the researchers is striking: the authors 
highlight 17 Wellcome scientists who became 
fellows of the Royal Society and one Nobel 
laureate, Henry Dale, Such individuals also 
shaped the growth of a research and devel- 
‘opment-based pharmaceutical industry in 
Britain, as Burroughs Welleome inadvertently 
supplied many of its rivals with ready-trained 
scientific staff. By 1940, Boots, May & Baker, 
Glaxo, and British Drug Houses all employed 
research directors who had previously worked 
for Burroughs Wellcome. These influences 
have continued. The Wellcome Trust is the 
largest private funder of medical research in 
Britain and, with the recent opening of the 
Wellcome Collection in London, brings Henry 
Wellcome’s legacy to a much wider audience. 
(The Trust also provided “generous funding, 
support” forthe book.) Much more than a com 
pany history. this attractively presented and 
comprehensively researched book shows 
how one firm transformed the pharmaceutical 
industry in Britain, 
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PUBLIC HEALTH 


Biobanks in Developing Countries: 


Needs and Feasibi 


S.K. Sgaier,"* P. Jha,*t P. Mony,'2A. Kurpad? V. Lakshmi, 


O 


ver 90% of the global 
burden of disease is 
in developing coun- 
y 10% of global 
research addresses many of 
these diseases, Between 1975 
and 1999, ~1% of new mar- 
keted drugs were for tropical 
diseases and tuberculosis (/). 
Repositories of biological 
samples linked with medical 
data from individuals (bio~ 
banks) are infrastructures for 
sustained research on the bio~ 
logical determinants of dis- 
ease and promise to acceler- 
ute the discovery of vaccines, 
drugs, and ostics. How= 
ever, the distribution and 
focus of current biobanks sug~ 
gests that their discoveries 
will not sufficiently benefit 
those living in developing 
countries. Innovative use of 
recent technological advan- 
ces and existing infrastructureplatforms make 
biobanks cost-effective and feasible in devel 
oping countries, 


Biobanks 


Biobanks as a Platform 
The Human Genome Project, annotation 
of single-nucle 
phisms (SNPs) within the genome. develop- 
ment of ultrahigh-throughput genotyp- 
small-molecule detection methods, and 
powerful software to analyze the mass of 
data that is generated, now make possible the 
of the allelic and biological vari- 
underlie complex diseases (such 
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as cardiovascular diseases, cancer, diabetes, 
etic 


tuberculosis, and AIDS). Common g 
variants likely involve moderate effe 
such as. relative risk of 1.2, Reliable assess- 
‘ment of these variants in different popula- 
tions (including documenting any intera 
tions between genes and other risk factors) 
requires studies with thousands, or even tens 
of thousands, of cases and controls. 

A few biobanks have already been estab- 
lished in developing countries such as the 
Chinese Kadoorie study (2), the Mexican 
biobank (3) and the Gambian national DN. 
bank (4) (see table, above). The Chinese and 
Mexican biobanks were designed primarily 
to discover correlates of noncommunicable 
diseases in adults over age 35 years, and the 
Gambian study is relatively small. These 
studies are not sufficiently representative of 
the major causes of death and disability in 
developing countries or of the age groups at 
which disease strikes. In particular, HIV 
AIDS. tuberculosis, and malaria require 
larger studies in diverse populations 


Disease Burdens in Developing Countries 
More than 75% of the 5 million deaths world- 
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Technological advances coupled with use 
of existing resources can be used to create 
biological repositories that may lead to 
better health in developing countries. 


wide due to HIV/AIDS, tuber= 
culosis,or malaria are in devel- 
oping countries, Even inf 
tious diseases have cofactors, 
Which make their acquisition 
or conversion to clinical dis 
ease more likely, such as 
smoking and tuberculosis (5), 

Genetic or undiscovered 


plain the 
es in HIV-1 in 
and southern Africa 
resistance to HIV-1 appears to 
be evolving among select 
populations (6) that are con- 
stantly being challenged by 
the virus, Understanding how 
the immune systems have so 
evolved to fight these inf 
tions can enable new drugs: 
and vaeeines. Focused biolog 
ical research on the genetic 
and other biological corre- 
lates of infectious diseases 
is under way, most notably by the Grand 
‘Challenges in Global Health (7), These need 
to be complemented by more open-ended 
platforms for unpredictable discoveries, as is 
possible with larger biological repositories 
linked to medical data 

Developing countries, unlike 
developed countries, suffer from the dual 
burdens of chronic (chiefly noncommuni- 
cable) diseases and infectious diseases (4), 
Already, four out of five chronic disease 
deaths occur in developing countries. The 
netic and environmental vari 
contribute to complex chronic diseases are 
not necessarily the same in geographically 
segregated populations. Indeed, common 
chronic diseases can have surprising cor- 
relates. A 10-year prospective study in 
China, for example, found higher risks of 
vascular deaths among people with exc 
sively low, as well as those with exces- 
sively high, body mass even after adjusting 
for smoking and blood pressure (9). Two 
small studies in India (/() and in Iraq (//) 
found that low body mass and diabetes 
were correlated with tuberculosis history 
and a positive tuberculin test, respectively. 


most 
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‘AWay Forward 
Typical biobanks are 
expensive partially 
because the serum 
samples that they col 
lect and keep must be 
kept cold continuously. 
Dried blood spots 
(DBS), in contrast, 
do not require ret 
eration during col- 

tion or transport 


I 
(/2), DBS samplescan 
be easily collected 
and safely wansported 
by regular mail. The 
higher acceptability 
by participants of 
DBS versus whole- 
blood collection, laver 
costs, and ease of handling also enable 
much larger sample sizes to be achieved 
within a given budget 

Despite their small volume, DBS simples 


have been increasingly used for molecular, 
enzymatic, immunological, biochemical, 
and hematopoietic analyses. SNPs within the 


Whole genome can now be reliably assessed 
from DBSs (/3). The continuous dectine in 
the sample volume and the cost of SNPs and 
the development of high-throughput analyses, 
mean that biobanks based on DBSs are 
becoming economical, as well as sciemtifi- 
cally practicable, The major roadblock is get- 
ting reliable epidemiological evidence 
about the relevance of variables measured to 
the development of disease, Appropriately 
large-scale epidemiologi 


I fieldwork in 
developing countries to acquire blood sam- 
ples systematically linked to relevant meas- 
tures of disability and future mortality is eru- 
cial. Biobanks in Westem countries use their 
national health systems, with physicians 
collecting samples and medical data for 
their patients. In developing countries, how- 
ever, fewer people have access to medical 
care, and linkage to routine health care is 
not yet possible 

Several developing countries have 
ise and mortality surveil- 
lance systems, which could be cost-effec- 
tive platforms for biobanks. A good exam- 
ple is the antenatal clinic HIV surveillance 
system recommended by the World Health 
Organization to track changes in HIV 
prevalence among pregnant women in 132 
countries. This widely implemented sys- 
tem is not used adequately to understand 
the transmission and correlates of HIV 
infection, primarily because collected 
samples are usually discarded after HIV 
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[MDS health surveyor collecting a DBS sample in the field. 


testing. Modest enhancement of this sys- 
tem with additional demographic and med- 
ical information, as well as reliable archiv- 
ing of samples, would provide a widely 
practicable resource to investigate the bio- 
logical correlates of HIV, Other examples 
of established surveillance systems 
include surveys of malaria parasites and 
the INDEPTH network of 37 demographic 
surveillance sites—26 of which are in 
Africa (/4), 


India: A Case Study 

‘Over the past 30 years. the Indian govern- 
ment has built a population-monitoring 
framework called the Sample Registration 
System—a nationally representative sam- 
ple of 7.6 million people in 1.3 million 
households across the country. The “Mil- 
lion Death Study” (MDS) (/5) is under way 
within this system. The Indian Council of 
Medical Research, Registrar General of 
India, and the University of Toronto are col- 
ng to explore the logistics of build- 
ing a national Indian biobank to assess the 
underlying risk factors and correlates 
of disease in India, The MDS is unique 
se it collects data that will allow both 
family-based genetic studies and case-con- 
trol association studies. The design and 
scale should ensure that for each complex 
disease of interest, several thousand cases 
and controls (efficiently tested through 
“nested” case-control design) will be avail- 
for association studies with sufficient 
power to detect modest but med- 
ically relevant associations. 

are exploring methodological and 
stical issues of building a national 
biobank in India. Medical and family history, 
blood pressure, body mass, smoking and 
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alcohol use, other variables, and DBSs were 
collected in household surveys in 2006 from 
2700 adults aged 18 years or older in six dis 
tricts in three states (see figure, left). Only 
Sof the people interviewed refused to give 
DBS, in contrast to refusal rates of nearly 
40% in a similar study collecting a serum 
sample (6). The likely costs of a DBS-based 
Indian biobank would be at least 1/20th the 
cost per person of the ongoing serum-based 
UK. Biobank (see table, p. 1074). 


Toward a Global Consortium 
of Biobanks 

National or regional biobanks are a first 
step. Others have called for a global con- 
sortium of biobanks to address common 
© ownership, and data 
sharing (J see these consortia 
arising for two reasons, First, joint analy- 
ses of important, but uncommon, gene 
variants will be needed to generate more 
definitive results than can be generated 
from individual (and likely underpow- 
ered) studies. Second, reasonable exp. 
tations from funders and beneficiaries will 
push toward collaboration, as has hap- 
pened with the Human Genome Project 
(19) and the Global HIV Vaccine Enter- 
prise (20). The promise is enormous: ae- 
cessible and affordable studies in diverse 
populations to permit imaginative search 
for common and rare genetic and other 
biological correlates of global diseases. 
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PHYSICS 


When Oxides Meet Face to Face 


Elbio Dagotto 


‘ultilayer structures have 
Me“ as a leading 

research topic now that 

ly precise methods for 
ring them are available, In 
earchers expect that 
oxide multilayers may lead to 


interesting artificial materials 
with novel properties see the fiz- 


ture), Several of the oxides used in 
these multilayer systems belong 
toa of compounds with 


strongly correlated electrons. The 
exotic properties of these oxides 
include high-transition tempera 
ture (T.) superconductivity, with 
critical temperatures far higher 
than in standard superconductors, 
and colossal magnetoresistance 
(CMR), where the application of 
magnetic fields of a few teslas 
changes the resistivity by orders 
of magnitude. On page 1114 of 
this issue, net al (1) 
report x-ray analysis and calculations of the 
interface between two such osides. 

‘These authors prepared a heterostructure 
with layers of (Y,Ca)Ba,Cu,0, (YBCO) and 
La,,Ci,,MnO, (LOMO) and observed a 
transfer of charge from the Mn axide tothe’ 
‘oxide. This induces important modifications in 
the electronic orbitals ofthe atoms atthe inter- 
face. For example, the orbitals designated 
dyy.p (2) are considered irrelevant in bulk 
‘cuprates because they are fully occupied and 
es for current flow, At the 
however, they become partially 
‘occupied and can move electrons between the 
two oxides. The interfacial orbitals undergo 
“reconstruction” —that is, they are deformed 
from their normal shape so that the electronic 
structures ofthe two different oxides can blend. 
Most of the oxides under consideration for het- 
‘erostructures are Very sensitive to reconstruc- 
tion, something that must be considered in all 
future designs of artificial oxide multilayers. 

High-T, superconductivity and CMR are 
‘examples of “emergent” phenomena—new 
properties that cannot be anticipated from the 
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Oxide interfaces. Models of heterostructures of lanthanum alumi- 
nate between strontium titanate layers. The atoms are represented 
by colored spheres (oxygen, white; lanthanum, orange; aluminum, 
yellow, strontium, large blue; and titanium, small dark blue). 
‘Although the materials alone are insulating, the electrical conductiv- 
ty of the bottom interface (purple spheres, brighter on the let indi- 
‘ating higher conductivity) can be tuned due to coupling with the 
{op interface (2). 


local interactions among the electrons, and 
between electrons and the lattice, Many recent 
ions have revealed the complex 
nature of these materials in bulk. These hard 
ceramic materials seem to hide a “Soft” elec 
tronic component that produces nonlinear 
responses to small perturbations, as well as 
emergent behavior (3, 4. 

Antficial thin-film oxide structures could 
thus make the already complex individual 
properties of bulk strongly correlated oxides 
even more interesting. The oxides used in these 
structures could have different bulk properties, 
but they all have similar lattice constants (i. 
distances between atoms), allowing fora good 
match at the interfaces, The number of combi- 
nations of these oxides is enormous, and the 
potential for novel behavior is a strong motiva- 
tion for these investigations. 

If interfaces of semiconductors—which 
are rather featureless materials with a non- 
magnetic rigid lattice—can nonetheless lead 
fascinating physics such as the quantum 
Hall effec, imagine what could be done with 
oxides. A variety of exotic two-dimensional 
electronic systems could be stabilized at the 
‘oxide interfaces, exploiting spin, and 
orbital interactions as well as latice vibra- 
tions. Recent investigations have already 
shown that both a metal (5) and a supercon- 


New devices may be possible once we 
understand the interface between oxide 
materials such as superconductors and 
ferromagnets. 


ductor (6) can be induced at the interface of 
‘wo insulating materials, and the number of 
surprises will surely continue to grow. 

Charge transfer at oxide interfaces (/, 7) 
produces novel two-dimensional phases, as 
well as charge doping without the ty 
disorder caused by chemical doping. Thus, 
interfaces provide an interesting venue for 
doping oxide perovskites (such as the high-T. 
materials) with carriers (8), Technological 
applications are also possible. For example, 
several groups are working on composition- 
ally graded interfaces made from manganites 
with the hope of achieving high-performance 
magnetic tunneling junctions (9). 

The fieldof “oxide electronies”is growing 
fast (/0), although achieving the mobility 
levels and purity seen in semiconductor 
heterostructures remains a challenge. The 
‘combination of all these issues is what makes 
oxide heterostructures so interesting: This 
of research is located at the intersection 
investigations 


and technologi 
Previous studies of oxide heterostructure 
\were framed in terms of “lattice reconstruc- 
That is, because interfacial ions are sub- 
ject to forces different from those in bulk, these 
‘atoms can change position, And the mere trans- 
fer of charge at interfaces can lead to “elec: 
tronic reconstruction” (7, //). In this case, the 
different electronic density at the interface rele 
tive to the bulk is the origin of the exotic prop- 
erties. Chakhalian et af, have now introduced 
orbital reconstruction ay a third process. 
Although the dyy.. orbital is widely thought to 
be unimportant in bulk cuprates, it is known to 
be crucial in bulk manganites. As cluster calcu 
lations suggest (/), the reported strong Cu-O- 
‘Mn bond that leads to the orbital reconstruction 
is precisely caused by the day. orbital becom 
ing active on both sides of the interface. 
Despite recent activity, the field of oxide 
interfaces remains virtually unexplored, What 
might happen if we could mix materials with 
vastly different properties such as ferromag- 
nets, antiferromagnets, superconductors, fer= 
roclectrics, multiferroics, seometrically frus~ 
‘rated spin systems, heavy fermions, and oth- 
ers? Considering this enormous number of 
combinations, theoretical guidance is needed. 
But for theory to be useful, the calculations 
must be reliable, at least qualitatively. 
Powerful techniques are needed to study inter~ 
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of strongly correlated electronic sys 
tems. Reliable procedures to calculate and 
measure work functions of individual materi- 
als are also needed to prediet the direction of 
charge transfer at interfaces. The collective 
responses and nonlinearities of models for 
oxide interfaces must be carefully analyzed. 

By this multilevel effort, the potential new 
functionalities and exotic phases of the oxide 
combinations under scrutiny will hopefully be 
revealed, Lattice, electronic, and now orbital 


reconstructions will all be essential in the 
effort to understand and use oxide interfaces. 
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GENETICS 


Widespread Monoallelic 


Expression 
Rolf Ohlsson 


‘ost eukaryotic cells have two copies 
‘of autosomal (non-sex-determin- 
12) chromosomes. Although both 
copies (alleles) of individual genes are usually 
ch diploid cell, ane of the alle- 
les is inactivated in a subset of genes (1). Itis 
6f profound interest that monoallelic expres- 
sion in somatic cells does not simply represent 
1 sheostat control for gene expressio 
it often operates in some selective function, 
such as determining the repertoire of odorant 
receptors or T cell receptors that are expressed 
(2,3), Moreover, the parental alleles of some 
mouse genes, such as those that encode 
eytokines, are expressed in random patterns, 
in which either, neither, or both alleles are 
inactivated, potentially influencing the selec- 
tion and expansion of particular on T cells (4), 
Onpage 1136 inthisissue, Gimelbrant etal. 
(5) report that the mammalian genome em- 
ploys random, monoallelic expression more 
extensively than thought. This may be gener- 
ate diversity in expression patterns on an n= 
precedented scale, which has important impli- 
cations for the ontogeny of human diseases. 
imelbrant et al, determined the propor- 
tion of human genes that can be expressed 
‘monoallelically in patterns that ane epigeneti- 
cally stable (for example, chemical modifiea- 
tions of DNA, such as eytosine methylation, 
that do not alter the sequence but are heritable 
within cell populations). They identified 
expressed alleles in cloned cell populations of 
human B lymphocytes by taking advantage of 
polymorphic sequences, or single-nucleotide 
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polymorphisms (SNPs). 
By modifying a method for 
detecting SNPs in DNA 
sequences, Gimelbrant et 
al. were able to track ex- 
pressed messenger RNA 
(mRNA) sequences. Be- 
cause most of the SNPs for 
the 3939 genes that were 
assessed are located in non- 
coding introns that are not 


ry 


present in mature mRNA, = 
the authors included pre- = 
‘cursor forms of mRNAs iw 


(vhich contain introns) in 
the samples that were ana- 
lyzed. They identified 371 
genes (nearly 10%) as 
monoalletically expressed 
in epigenetically stable pat- 
tems in at least one popula 
tion of cells derived from 
a single B cell clone. Al- 
though most of these genes 
were also found to be biallelically expressed in 
some other B cell populations, up to 20% 
could be consistently expressed from one of 
the parental alleles in some B cell clones. Thus, 
each cell population displays a vast hetero- 
geneity in patterns of mono- and biallelic gene 
expression, providing numerous combinator- 
ial pattems of gene expression (see the figure). 

‘Although other patterns of monoallelic 
expression have been described in human 
cells (6, 7), Gimelbrant et a/. go much further 
intwo important respects. Firs, they analyze a 
large number of genes. thereby increasing the 
generality of their conclusions. Indeed, based 
‘on their findings, the authors argue that more 


% 
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Random inactivation of alleles 
In diferent cells 


Different possible combinations 
‘of expressed alleles 
in acell population 


Diversity of possible outcomes 
(eg, cell ate, disease) 


The surprisingly high prevalence of random 
allele inactivation in human cells can generate 
diversity in gene expression that affects cell 
fate and physiology. 


Generating diversity. Alleles ae ran- 
domly inactivated on a pair of chromo- 
somes in a human somatic cell, The 
various patterns of inactivation in 
progeny cells are then stabilized (epi- 
‘geneticaly). This can generate diverse 
cellular and physiological outcomes, 


wan 1000 genes in the human 
‘genome can potentially be mono 


\N 


e+ es alletically expressed at any given 
se time, indicating an amazing degree 

== of diversity in possible com- 
=a] binations of expressed alleles. 


Interestingly. genes encoding cell 
surface receptors are overrepre- 
sented in this subset, suggesting 
the enormous potential for epi- 
genetic regulation of receptor- 
mediated cell-cell communica 
tions. and hence, the regulation of 
Al diversity and cell fate (8). 
econd, Gimelbrant etal. hint at 
the fascinating possibility that the 
same set of genes can be monoullelically 
expressed at certain stages of development in 
‘a subset of tissue cells and/or perhaps in only 
some individuals 
Itis unclear, though, how random monoal- 
Jelic expression is established in somatic cells, 
Unlike the acquisition of imprinted, methy- 
lated marks on DNA from the parental germ 
lines-so-called genomic imprinting, which 
inactivates either a matemal or paternal allele 
during gamete development (/)—random 
inactivation of nonimprinted autosomal alleles 
‘occurs in somatic cells. Gimelbrant et al. show 
that many of the monoallelically expressed 
genes are highly expressed. apparently ruling 
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out concerns about stochastic monoallelic 
transcription events postulated to occur at low 
levels of transcription (/). Perhaps both alleles 
are in different transcriptional environments 
Within the nucleus. Indeed, alleles that display 
asynchronous replication, « hallmark of many 
monoallelically expressed genes (2), can 
cupy different positions within the nucleus 
(9).Lumay also be that limiting amounts of pro- 
tein complexes that remodel chromatin (the 
DNA and protein constituents of chromo- 
somes) could randomly inactivate alleles, 
Finally, differentially modified (methylated) 
DNA regions that are adjacent, far apart, or 
even on different chromosomes might interact 
and modulate allele-specific epigenetic states 
and transcription (/0). Such possible explana- 
tions can now be tested. 

‘The data from Gimelbrant et af. could fiun- 


damentally influence current views on the 
‘mechanisms of some pathological conditions 
such as haploinsufficiency (having only one 
functional allele, which produces insufficient 
amounts of product) or the loss of function of 
tumor suppressor genes. In both cases, the loss 
of one allele might lead to a dramatic effect 
if the remaining allele already carries epige- 
netic marks that render it inactive (/7). 
Consequently, anyone unfortunate enough to 
possess the “wrong” set of monoallelicall 
expressed genes might be susceptible to the 
earlier onset of a complex disease, such as 
Alzheimer’s disease. The interplay among 
genotype. epigenotype, and gene inactivation 
\Will now become more important for under- 
standing developmental mechanisms, pene- 
trance of diseases, and responses to medical 
treatments in an individual, 
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DNA Circuits Get Up to Speed 


Roy Bar-Ziv 


shown that DNA ean be programmed into 

higher-order structures and used 10 
encode mathematical computation (1-3). 
Many attempts have been made to ereate 
DNA-based devices and machines of a 
mechanical and computational nature (3-5). 
Yet DNA nanotechnologists still face substan 
tial challenges in passing from proof-of-prin- 
ciple demonstrations to functional devices 
that are reliable, quick, and extendable. On 
page 1121 of this issue, Zhang et al. (6) report 
‘an important step toward this goal, 

In contrast to solid-state devices, DNA 
based systems operate at the nanometer scale 
in an aqueous environment, where thermal 
motions render molecular interactions impre- 
cise. Hence, in seeking programmable bio- 
chemical functions, scientists must invent 
designs that are hierarchical and resilient to 
spurious interactions and signal degradation. 

Living organisms rely on genetic biochem- 
ical networks to regulate complex functions 
such as sensing, adaptation, timing, and. 
ultimately—reproduction. These networks 
have evolved in noisy environments and are 
hence inherently robust, often endowed with 
high-fidelity capabilities. They are composed 
‘of genes and their respective RNA and protein 


I the past three decades, scientists have 
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Intermediate, 


per 


2aas 


‘The catalytic cycle of Zhang et a. The catalyst’ 5 domain binds thes 
{oehold ofthe substrate, triggering a rapid branch migration process 
that leads tothe intermediate complex and the release of the signal 
strand. Subsequently, the 3 domain of the fuel binds the intermedi- 
, inducing two branch migrations and releasing the output 
strand, a waste complex, and the catalyst fr another turnover. 


ate’s 


products and exhibit a variety of dynamic pat- 
terns. Key players in these biochemical func- 
tions are enzymes that can pick up even faint 
chemical signals, amplify their meaning for 
the organism, and relay them rapidly for sub- 
sequent processin, 

Artificial biochemical circuitry may one 
day play an analogous role in human-made 


systems, Imagine circuits that control DNA- 


based motors and sensors, similar to electri 
circuits controlling electromechanical devices. 
For example. a recent report described DNA 
cireuits (4), in which the input and output sig- 
nals, as well as the logic gates, were repre- 


‘An amplification mechanism brings DNA 
circuits closer to practical applications. 


sented by distinct DNA 


Substrate sirands—all in a test tube, 
Computations were per= 
PPTs formed by hooking up and 
easeading gates and signals 

in a manner lar to ek 
tric circuits. However, adding 
more components incurred 
Jong response time and signal 
Signat 108s thereby forming a bottle 
£34 neck for nontrivial computa- 


tion. Hence, a fast and modus 
Jar amplification mechanism 
is essential 

Zhang et al. now propose 
aan elegant solution to this sig~ 
‘nal amplification bottlene, 
In essence, they emulate the 
concept of the biochemical 
enzyme, but with DNA strands only. The 
mechanism alters no covalent bonds and is 
driven by entropy (rather than energy, as in 
most biological catalysis). The design is based 
on the separation of binding energy scales, 
making it easy to understand, robust, modular, 
and potentially usefil 

The basic species are six short, single- 
stranded DNA domains that interact. via 
Watson-Crick base pairing. Strands com- 
posed of these domains make up all the play> 
cers in the reaction: substrate, fuel, output sig- 
nals, catalyst, and waste (see the figure). The 
core domains of the substrate (domains 
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and 4) are paired to the signal and output 
strands, whose domains 1 and 6 are unpaired, 
.as is the substrate’s dangling end domain, 5. 

The goal is to release the signal and output 
strands. Naively, in the absence of a catalyst, 
this can be done solely by the fuel—a strand 
composed of domains 2. 3, and 4—which 
replacesthe two strands. The signal and output 
strands are then released to solution along 
\with a waste by-product composed of the sub- 

tree 
reaction, the same domains are 
paired in the initial and final states, so 
there is no net change of binding energy 
However, the overall configurational entropy 
increases in passing from two to three free 
molecules. The reaction is thus thermody- 
namically favorable. Yer lange kinetic barrier 
incurred, because the catalyst-fiee exchange 
reaction must proceed by unzipping the sub- 
stnite one base after another—a highly 
improbable sequence of events that would 
takea very long time, 

To push forward the reaction, Zhang et a 
introduce a catalyst composed of domains 4 
and §, The catalyst’: domain can now pair 
with the subst domain § to trigger the 
rapid displacement of the signal by a process 
called branch migration. The catalyst thus 
reduces the kinetic barrier and stabilizes an 


intermediate complex (see the figure). The 
fuel matches the exposed domain 3 of the 
intermediate and. using the same branch 
migration trick, displaces the output while 
irreversibly sealing a waste duplex and eject- 
ing the catalyst back to solution for another 
turnover. This catalytic eyeke ean accelerate the 
initial reaction by four orders of magnitude. 

Zhang et al, demonstrate wo applications 
amplification using their catalytic scheme. 
First, a two-stage cascade was constructed 
bby introducing an upstream catalyst system 
whose output acts as the catalyst to another 
system, The circuit amplifies the initial 
lyst by a factor of 900. Second, an autocat- 
alytic circuit was constructed by encoding the 
catalyst asa part of the output, such that reac 
tion closes a loop on itself, displaying expo- 
nential growth kinetics. 

Why is the catalytic reaction useful? 
Embedded in a biochemical logic circuit, it 
unbe used to amplify weak signals and thus 
increase the speed and performance of the ci 
‘cuit. To construct multicomponent circuits, 
unwanted cross-talk between components 
must be avoided. Zhang eral, achieve this by 
design, because complements of the long. 
strongly binding “specificity” domains (1, 2, 
4, and 6) never appear in single-stranded 
form. Molecules can interact only via the 
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short, weakly binding “tochold” domains 
(3 and 5). This separation of energy scales, 
renders the design extendable and tractable 
Catalytic DNA circuits of the kind de~ 
scribed by Zhang e7 al. could be coupled to 
various biochemical reactions to analyze 
heterogeneous macromolecular mixtures, 
detect weak biochemical signals, and control 
nanoscale devices. Combining such enzyme- 
free DNA circuits with biosynthetic reactions 
may get us closer to understanding nature's 
design principles. DNA circuits could also be 
integrated into materials platforms, such 
as gels, polymers, and surfaces, to generate 
active programmable systems (4, 7-10). 
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CANCER 


The Gene Topography of Cancer 


Joffrey M. Trent and Jeffrey W. Touchman 


here are three key questions any cancer 
Ts nt asks when confronted by his or 

her diagnosis: What type of cancer do 1 
have? What is my outlook? What can be done 
about it? Increasingly, the answers are coming 
from DNA-based. sequence information. 
Decades ago, scientists discovered that de 
fective genes can cause cancer (/, 2), thereby 
establishing a paradigm for tumor biology 
and providing an important motivation for 
embarking on the Human Genome Project. 
Yet this remarkable sequencing achievement 
‘marked only the beginning ofthe quest to fully 
understand the biology of cancer. With the 
complete sequence of nucleotide bases in 
‘normal human DNA available, scientists now 
‘must classify the wide array of human genes 
acconding to their involvement in tumorigene- 
sis, On page 1108 of tis issue, Wood er al. (3) 
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advance this endeavor by describing the muta- 
tional spectrum of nearly every well-anno- 
tated human gene [18,191 distinet genes from 
the Reference Sequence (RefSeq) resource] in 
11 breast and 11 colorectal tumors through 
systematic sequencing of coding exons. 

The resulting sequence “landscape” of 
these tumor genomes is striking. The authors 
find a scattering of five well-studied genes 
that are commonly mutated (which they call 
“mountains”)-as well over 200 genes mutated 
ata lower frequency (“hills”) in these two can- 
cers. For the first time, there is evidence that 
‘most of the mutations that drive cancer may 
not occur in such gene mountains, but rather 
are spread across heterogeneous gene bills. 

These findings are generating some 
interesting opinions. Viewpoints differ as to 
the value and timeliness of using current 
established technologies (e.g... polymerase 
chain reaction and Sanger sequencing) to 
define the mutational landscape of cancer, 
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Despite debates over technologies and 
statistics, a new catalog of genes associated 
with colon and breast cancer is close at hand. 


versus waiting for the promise of 
next-generation, whole-genome sequencing 
approaches. In the 1990s, the argument for 
waiting for technology improvement was 
one of expense and throughput as Well as the 
limited expectations of identifying med 
ically useful information. To some extent, 
that is the argument again today as new tech- 
nologies will likely be less expensive. pro- 
vide haploid resolution (that is, differentiate 
the maternal from the paternal contribution 
to the genome), and hold the possibility 
of much more complete genome-wide 
.. Even granting that tech- 
in genomic sequencing is 
jon remains how much 
more we will see. What is clear is that by 
using existing technology, anchored to 
expert insights into cancer biology and clin- 
ical therapeutics, Wood era, have revealed a 
previously unrecognized view of the genetic 
Jandscape of human cancer. 
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ire involved in the analy: 
obtained by the authors, Are the candidate can- 
cer genes mutated atrateshigher than the exper= 
imentally determined “passenger” mutation 
rates (passenger mutations provide no positive 
‘or negative selective advantage tothe tumor, but 
ane retained by chance during repeated rounds 
of cell division and clonal expansion)? How 
does the passenger mutation rate fet the dis 
covery of candidate cancer genes? How does 
Sse pate mame ss 
affect the analysis, given that the rates of 
Tk grand spieoe Vata can exh Ne 
erogeneity across the genome (4)? 

These challenging issues have been nicely 
auddressed by the Empirical Bayes approach 
described in Wood et al. (3). They deseribe 
probabilities” for each candidate 
cancer zene, which provides estimates of 
the likelihood that the observed mutations 
occurred by chance, These take into aecount 
otide composition of each 
zene, the mutation spectrum of the tumortype, 
and estimates of the background mutation rate. 
‘Yet, despite our powerful ability to identify 
‘genes that are mutated at unusually high rates, 
xenerally one cannot determine with absolute 
certainty whether the higher rate isthe result of 
higher intrinsic mutability or of positive selee- 
tion during tumorigenesis, What we hope to 
accomplish with DNA sequence data from 
many tumor simples is to select genes for 
‘more in-depth functional analysis on the basis 
oftheir mutation characteristicsand frequency. 

‘What are the prospects for translating the 
discovery of new cancer genome mutations into 
treatments for cancer? Sequencing isbeing used 
to diagnose a specific cancer subtype. to help 
match a given patient with a particular treat- 
‘ment, and to monitortherapeuticresponse—so- 
called personalized medicine (5-7). Akhough 
‘new molecular biomarkers (DNA-based or oth- 
enwise) are not yet available for all cancers or 
subtypes. there are now multiple examples that 
have directly proven the power of precise 


16 NOVEMBER 2007 VOL318 SCIENCE 


‘Scanning for genetic mutations in human cancer genomes. Traditional automated approaches to DNA 
‘sequencing are yielding “mountains” of commonly mutated cancer-causing genes, as well as many of the 
less frequently mutated genes, found in “hills.” Cost reduction and new technology innovations will be 
required to analyze the genomes of the hundreds of known tumor types. 


nucleotide-centered diagnosis to beter manage 
disease. The performance of new gene-based 
therapeutics is encouraging, such as in chronic 
myelogenous leukemia (Gleevec), some forms 
of breast cancer (Herceptin), and some lung 
cancers (Iressa and Tarceva), although the list of 
sich interventions remains far shorter than it 
would be if researchers in academia and the 
private sector had ready acoess to the entire 
spectrum of genomic changes that occur in 
cancer (a firndamental basis for The Cancer 
Genome Atlas) (8). 

Just as the Human Genome Project did, 
the desire to eradicate cancer will continue to 
inspire genomic technology development. The 
cost of DNA sequencing dropped from more 
than $10 per nucleotide base in 1990 t0 less 
thana penny perbase in 2007, and tis expected 
to drop further with the emergence of inno- 
\ative sequencing methods (9). Because of 


these and other technological developments, 
large-scale approaches that were unthinkable 
cevena few years ago have emerged as perhaps 
the most efficient and cost-effective way to 
identify the wide array of genomic factors 
involved in cancer. There seems little doubt that 
progress in this field will continue to improve 
‘our view of this disease. 
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PLANETARY SCIENCE 


Hidden Mars 


Poter H. Schultz 


Satellite radar signals suggest that something unusual is buried beneath one of the most 


enigmatic regions of Mars. 


hick sedimentary deposits cover more 
T= ‘one million square kilometers in 
some equatorial regions of Mars. 
Toxtay. winds extensively erode and redeposit 
these materials. On page 1125 of this issue, 
Watters et al. (/) provide an intriguing look 
inside one of these deposits—the Medusa 
Fossae Formation (MFF)—and conclude that 
they must be a low-density material oF that 
they contain ice. This conclusion is based on 
radar signals from the Mars Advanced Radar 
for Subsurface and lonospheric Sounding 
(MARSIS) instrument on the Mars Express 
mission launched by the European Space 
Agency. Both scenarios have substantial 
implications for the origin of this vast deposit 
and similar deposits elsewhere. 
Early studies based on Mariner 9 (2) and 
‘Viking images (3) demonstrated that the MFF 
muist be composed of easily eroded materials, 
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as inferred from the extensive wind-eroded 
Jandforms and impact craters in various states 
of destruction, Because the materials drape 
different topographies, elevations, and geo- 
logic units, researchers have interpreted them 
as air-fall deposits (4), The nature and sou 
ofthese deposits, however, have been debuted 
over the past 30 years, 

‘The MEF deposits were initially thought to 
be ash from catastrophic eruptions similar to 
those on Earth that produce vast hot ash flow 
deposits (5.6), in contrast to the nonexplosive 
Hawatian-like basaltic volcanoes presently 
visible on Mars (e.g.. the voleanie mountain 
called Olympus Mons). Ifso, the vents for the 
proposed violently erupted material must now 
behidden beneath the ash deposits (6) or these 
vents formed during the earliest eruptions in 
the volcanic region called Tharsis but have 
now been covered over by later nonexph 
lava lows (7). 

Alternatively, the MFF might be ancient 
ice-rich deposits resembling the thick, layered 
terrains at both poles (4). This hypothesis was 
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based not only on morphologic similarities 
but also on similar erosional processes typi- 
fied by terrains near the present poles. For 
‘example, distinctive “pedestal craters” occur 
around the margins of the thick layered ter- 
rains at both the poles and the MFF. 

Planetary scientists first recognized 
pedestal craters in the heavily etched plains at 
high latitudes (>+ 50°) and studied them to 
assess ero (8). High-latitude pedestal 
craters tend to be small (<5 km) and have 
pedestal heights typically less than 200 m (9). 
Pedestal craters in the MFF, however, are 
much larger (10 km in diameter) and more 
‘abundant in a given area (see the figure) (4). 
‘These pedestals are also much taller (as high 
2 km), thereby indicating much greater ero- 
sion of the surrounding deposits. In some 
ceases, compressed (or lithified) materials on 
crater floors result in inverted topography 
(floor now standing above the surroundings), 
because the materials around them have been 
completely removed (4), 

One mechanism that can produce the 
pedestal eraters is armouring the underlying 
deposits by a fine layer of ejecta (8). Their 
high-latitude concentrations, however, sug- 
gest that they must have formed in deposits 
of ice and dust left over from past climate 
cycles (4, 6). During warm periods, embed- 
ded frozen volatiles sublime and remove the 
“glue” for the deposits. However, a layer that 
ich deposits, except at the 
exposed edges, can result from a combina- 
tion of the deposition of ejecta and impact- 
generated blast effects, including intense 
winds and heating (/0). 

The similarity in selective erosion around 
impact craters both at high latitudes and 
around the MFF (as well as Arabia) does not 
explain how the inferred ice-rich deposits 
accumulated at the equator. Three mecha- 
nisms have been proposed: ancient polar 
deposits left behind after polar wandering (4), 
accumulations of equatorial ices during peri- 
‘ods of extreme obliquity changes (6, /1, 12). 
and ash and volatiles from nearby volcanic 
‘eruptions (13). 

Polar wandering was proposed to explain 
the enigmatic erosion of these deposits (4). 
The age of the deposits, however, was not 
determined by the number density of craters 
‘on top of the MFF but by the number and size 
‘of pedestal craters around the periphery. This, 
was necessary because craters within the 
thicker portions of the deposits can be 
reburied orremoved. resulting in an underesti- 
mate ofthe true age (just asa the present polar 
layered terrains), Pedestal craters around the 
i, however, can be 


prediction was the presence of ancient polar 
ices trapped undemeath. 

Ancient polar wandering is supported by the 
distribution of grazing impacts, possibly caused 
‘by an ancient family of equatorial satellites (/4). 
And remanent magnetic fields indicate that the 
magnetic pole was once in the general region of 
the MFF (/5-/8), although the precise polar 
wander path may be difficult to pin down with- 
‘out more data. The other two mechanisms also 
can trap ive and dust near the equator. However, 
they have greater difficulty accounting for the 
‘occurrence of these deposits in specific regions 
‘on opposite hemispheres, rather than forming 
‘an equatorial band. 

Waiters et al. provide evidence that ices 
may yet be hidden near the martian equator. 
These results cannot yet prove (or disprove) 
what process produced the deposits. They do, 
however, demonstrate that penetrating radar 
‘can be used to explore a hidden Mars. Ifthe 
MFF deposits resulted from volcanic erup- 
tions, then they provide a clue to a very df= 
ferent eruptive style early in martian history 
and may contain volatiles released from the 
deep interior. If the MFF deposits resulted 
from periods of extreme obliquity, then the 
embedded ices contain a record of climates 
‘over the past 3 billion years, and if these 


PERSPECTIVES i 


deposits are relicts of an ancient pole loea- 
tion, then they not only may hold clues about 
the atmosphere and mobile materials from 
3.5 10 4 billion years ago but also may pre= 
serve evidence of past life. 
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(ld impacts. Relic craters around the edge ofthe Medusa Fossae Formation on Mars, The cater on top of 
the ragged, circular plateau is a pedestal crater. Numerous other smaller crater relics are nearby. The nearly 
‘complete removal ofthe original deposits in which such craters form suggest that the deposits are ice-ich, 
easily removed during a change in climate. One interpretation ofthe new MARSIS data indicates that ice may 
Still be buried within these relict equatorial deposits. 
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IN DOUGLAS ADAMS’ SCIENCE FICTION SERIES THE HITCHHIKER'S GUIDE 
10 the Galaxy. the Sirius Cybernetics Corporation defined a robot as “your plastic 
pal who's fun to be with,” but it was a corporation whose complaints department 
‘occupied the major landmasses of three planets and was the only division to 
onstantly show a profit 

Technology and austomation have provided a huge number of labor-saving devices 
and have at times relieved humans from having to do monotonous and dangerous 
jobs such as painting sheet metal or cleaning oil pipelines. However, there are times 
‘when one really needs to interact with another human being, and at these times, the 
automated “customer service” or banking machine isa poor substitute fora human, 

What differentiates robots from other pieces of technology is their ability to 
‘combine automation with action and at times considerable amount of mobility. They 
arenotonly able w do static tasks suchas dispense money or direct phonecalls, but they 
can also lift, walk. wel paint, vacuum, or explore. Unlike most devices that are 
designed to be used by a human operator robots are increasingly being built to function 
within a human environment and are thus becoming more and more humanoid. 
Pethaps for this reason we view them in a different light than other technologies. 

This special section looks at robots and robotics froma wide range of perspectives. 
Bellingham and Rajan (p. 1098) tell how robots with an increasing sense of autonomy 
are being used to explore the hostile environments under the oceans and in outer space. 
Pfeifer, Lungarella, and lida (p. 1088) examine recent efforts to design robots based on 
lessons leamed fiom biological organisms. They show that robots can improve their 
performance by borrowing living body plans and substructures. Madden (p. 1094) 
reviews the progress that has been made in developing artificial muscles that can com- 
pete with the properties of human musele and may one day enable untethered robots 
to run, leap, jump, or climb. But even as robots become more lifelike. the biolog 
function of self-replication still eludes them, as Cho (p. 1084) reports. 

The last two pieces take us from body to brain. In a story by Lester (p. 1086), we 
find that robots are increasingly used in secondary schools and undergraduate 
programs as tools to interest students in engineering and computer science. From a 
different direction, a Perspective from Edelman (p. 1102) describes a research 
program in which robots equipped with brainlike devices learn to carry out tasks in 
the presence of visual cues and other sensory feedback. These “Darwin” bots may 
teach us something about our own ways of thinking and learning 

‘Outside the special section are two stories in News Focus. Service (p. 1086) looks 
at future exploration of the Northeast Pacific Ocean using partly robotic platforms, 
and Cho (p. 1060) covers the DARPA Urban Challenge. an international competition 
for self navigating driverless cars held in California earlier this month. In looking to 
the future itis also prudent to look atthe past. In an Editorial by Sawyer (p. 1037), we 
learn how the science fiction literature has long considered a robotic future and the 
‘many ethical questions this will raise. 

They most certainly won't be all plastic. and they may not be our pals, but robots 
are going to play an increasing role in both scientific and everyday life. Inwill certainly 
be interesting to see where we take them and where they are able to take us. 

MARC S. LAVINE, DAVID VOSS, ROBERT COONTZ 
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Robotics 


NEWS 


Making Machines That Make 
Others of Their Kind 


For decades, self-replicating robots have been a roboticist’s dream—and 
a science-fiction writer's nightmare. Yet engineers haven't found a way to 


create ‘bots that beget ‘bots 


As any sci-fi fan knows, monkeying with 
robots ultimately leads to mass carnage, From 
RUR. (Rossum Universal Robots). the play 
that in 1921 introduced the word “robot” to the 
battles with the Daleks in the 
Doctor Who, to the Terminator movies the tale 
has been told time and again, Hu 
humanoid aliens) foolishly make robots that 
reproduce. The self robots decide 


-vision show 


are a nuisance and set out to exter- 
Thissce ight see 
fetched now that robots ean make ears and 
microchips and stalk terrorists from the skies 
Don't panic just yet. Vicious selfreplicating 
machines resembling Amold Schwarzenegger 
won't be breaking down doors anytime soon, 
Anyone mighty enough to kick a toy or topple 
blocks can overpower today’s self-replicating 
robots, which actually need a lot of help to 
make something identical to themselves, Self 
replication “is fundamental to nature and at the 
core of evolution, and yet we have no i 


always been a sore point for roboties: 


A handful of researchers are st 
change that, Working on shoestring budgets 
and with materials associated more often with 
child's play than research, they've developed 
simple robots th e others like them- 
selves out of a few relatively complex parts. 
They're defining more precisely what it 
means for a machine to self-replicate. And 
some are striving to emulate nature's knack for 
reproduction, Progress has been modest 
stacks of blocks that stack other blocks won't 
conquer the world—but researchers are of 
mistic that, at the very least, they may soon 
better understand exactly what problem 
they're trying to solve. 

t progress has been slowed by 
a lack of funding, as self-replicating robots 
serve no earthly purpose—although in theory. 
they could be usefil in establishing a base on 
the moon or on Mars. “The field is. lke, three 


(Chirikjian of Johns Hopkins University in Bal- 
timore, Maryland, Researchers face concep 

tual barriers as well 
‘need to come up with the basic scien 
tific principles” of self-replicat 
says aerospace engineer Pierre 
Kabamba of the University of Mich 

an, Ann Arbor, Still, researchers 
have taken int 
making machines 
copies of themselves 


steps toward 
at build 


Easy, in theory 
The notion of self- 
replicating machines 
stretches back cen- 
turies, But the rigor- 
ous theory of self 
rep 
in the 
1950s, when mathe 
matician John von 
Neumann, who 
also laid much 
of the ground- 
work for modern 
computing, ana- 
lyzed the problem. 
Von Neumann con- 
sidered a collection of 


automata: self-guided cell- 
like 
ording to specific rules. 
He wondered what tasks a 
clump of them would 
have to do to 


‘ntities that interact 


replic 
from raw 


‘materials and basic parts. The thing would have 
to consist of at least three subunits, he figured: 
first, a set of instructions for making a device: 
then, a unit that reads those instructions to 
make a new device: and finally, one that 
copies the instructions, which von Neumann 
envisioned as a coded tape. 

This agglomeration would read the tape, 
make its progeny, and passa copy of the tape to 
its offspring. The scheme bears a striking 
n which cells replicate 
tapelike molecules of 
ructure of which was discovered 
after von Neumann cooked up his ideas, 
‘Spurred by von Neumann's work, computer 
ye myriad 
programs that replicate within a com- 

pputer—including viruses and worms, 
But as a plan for making self 
replicating machines, von Neumann's 
Work left much to be desited, Like a true 
mathematician, he skipped over the pr 
tical difficulties a real machine would 
have in gathering parts. “He doesn’t 
address the physics at all” Lipson 
says, “Bringing in the materials, 
dealing with 
the errors 


scientists and others have de: 


the physies 
isthe diffi- 
ceult part” 
Give a 
child a Lego 
set, and she will 
immediately dump the pieces on 
the floor and comb through them to 
find the ones she wants. That's 
precisely the task that stumps 
machines, “Thats not just the hard 
part for self-replication, it's the hard 
part for robotics in general,” 
Chirikjian says, “The reason you 
don’t have robots doing your dishes 
and walking yourdog is that the world 
isvery complicated. and it’s difficult for 
a robot to handle i 


Picking up the pieces 
So some engineers give their robots a 
helping hand, Two years azo, 


Ontrack. Engineer 
Gregory Chinikjian’s 


a specific path 
toreplicate. 


es 


robots must follow § 


Lipson and colleagues unveiled programmable 
blocks measuring 10 centimeters across. Each 
consisted of two pyramid-shaped halves that 
could swivel against each other, and each block: 
could grip others using magnets on its faces. 
Wrigeling like a drunken hula dancer. a stack 
of four blocks could assemble a second stack, if 
new blocks were fed in at the right place and 
times, the researchers reported in the 12 May 
2005 issue of Nature. 

Although one stack of blocks does form 
‘another, it stil seems a farcry froma fully self 
replicating robot, Instead of some basic part, 
each cube is itselfa fairly sophisticated robot. 
And the contorting tower requires plenty of 
human assistance to help it locate the additional 
blocks. To produce something truer tothe spirit 
of self-replication, Lipson is now experiment 
ing with simpler cubes measuring only 500 
micrometers Wide that jumble together ran- 
‘domly ina fluid, "What is the smallest building 
block from which we can make everything?” 
Lipson says, “That the crucial question.” 

Chirikjian also began with robots that 
assembled others from a few complex chunks. 
Starting in 2002, he and his students began 
experimenting with robots made of Lego 
bricks. AC first, they built remote-controlled 
vehicles that could be broken into afew compo- 
nents, When placed in a pen, one robot coulk 
push the components of another together—a 
crude form of self-replication, given that the 
{gutsofa robot lay mostly in the one component 
‘containing the computerized controller. 

Since then, Chirikjian and his students have 
striven to make their robots more autonomous 
sand to assemble them from simpler parts. They 
developed a system of optical sensors that 
allows. robot to follow a colored stripe to find 
Various parts. They have simplified the robots 
by replacing the central controller with cruder 
electronics distributed throughout the pieces. 
Recently. the researchers demonstrated a self= 
replicating robot made of six fairly simple 
modules, and Chirikjian and grad student are 
‘working on one consisting of 100 pieces. 

Chirikjian’s robots look more or less self 
sufficient, but they do not truly forage for 
parts. Rather, they depend on a track to guide 
them. Chirikjian says that he is working to 
eliminate the track. But he notes that even 
biological systems depend on their environ- 

i ment to reproduce. “If you take the DNA out 


of the environment of the cell, it's no longer 
self-replicating,” he says. 


Doing what comes naturally 
& Given the challenges of step-by-step. or 
8 deterministic, assembly, some researchers 
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Basic parts? A stack of Hod Lipson’s cubes stacks 
‘more cubes, but each i itsell a complex robot. 


are opting for chaos instead. Rather than 
making their robots feteh pieces, they're 
relying on random collisions to bring parts to 
the robots in efforts that mimic the mingling 
of biomolecules in cells. 

For example, as a graduate student at the 
Massachusetts Institute of Technology (MIT) 
in Cambridge, matenals scientist Saul Griffith 
developed smart tiles that can latch onto one 
another as they glide and jumble on anairtable. 
Whether two tiles latch depends on how they 
are already connected to other tiles. When the 
tiles were properly programmed, a chain of 
them could form another chain, Griffith and 
colleagues reported in the 29 September 2008 
issue of Nature. “In many respects, self- 
replication is just a party trick,” says Griffith, 
now president of Makani Power in Alameda, 
California. “You don’t even need mach logic: 

The random, or “stochastic.” approach may 
havea key advantage. tronically jumbling huge 
numbers of pieces together should be easier 
than putting them together one by one, says 
engineer Eric Klavins of the University of 
Washington, Seattle, who has developed a sim- 
ilar set of triangular tiles. “If you want to do 
self-replication with billions of parts, you're not 
‘going to get away with determinism.” he says. 
The stochastic approach presents its own chal- 
lenges, however. For example, researchers 
‘must figure out how to form anger useful struc- 
tures from the pieces while preventing them 
from glomming together in undesirable ways. 

‘A few molecular biologists are even push- 
ing todevelop artificial cells. For such research, 
the emphasis isa little different, says Jack 
Szostak of Harvard Medical School and 
Massachusetts General Hospital in Boston, In 
chemistry, self-replication is fairly commen, ts 
any chemical that catalyzes its own production 
does it. Szostak and colleagues are striving for 
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something more. “What we're trying to do is to 
develop a self-replicating chemical system that 
can evolve,” Szostak says. 

For the membranes for his artificial cells, 
Szostak employs molecules called lipids, 
‘which can form fluid-filled shells. Within the 
shells, he hopesto store a length of DNA, RNA, 
orarelated molecule that can store coded ink 
mation, replicate, and mutate, The researchers 
have already shown that they can make the 
shells grow and divide—by forcing them 
through a small pore—and they are working on 
‘the material to store within the shells, 

Researchers have a long way to go, however 
For example, molecular biologists have been 
searching fora strand of RNA called a ribozyme 
that ean catalyze the replication of itself and 
other strands. Such a ribozyme would have to 
‘chum out strands a couple of hundred chemical 
Jeaters long, but so far the best candidate ean 
string together only about 20 letters, “Twenty 
years ago. | thought this would be a 20-year 
project.” Szostak says. "Maybe it ill is” 


Waiting for the Terminator 
Where research on self-replication will lead 
remains unclear, Some say that practical con= 
siderations will inevitably force researchers 
toward biomolecular systems. "Selfreplicating 
robutsare going to be made out of biomolecules 
Jong before bulldozers start copying them- 


paring two very difficult things.” says molecu 
Jar biologist David Bartel of MIT. “So which 


‘one is more difficult may not mater’ 
“Meanwhile, some say that the concept of 
self-replication needs a rethink, Research 
have thought that a system is either sel 
replicating or it isn’t, Lipson says. But given 
that even biological systems rely heavily on 
their environment, it seems there are different 
shades of self-replication. Both Lipson and 
Chirikjian have developed mathematical tools 
to quantify them. Using them, researchers, 
might analyze a system to figure out how to 
make it more selfreplicating, Lipson says, 

Of course, employing such scales, one 
might argue that self-replicating robots already 
exist. Machines are typically made by other 
machines these days, albeit with plenty of help 
and guidance from humans. So perhaps the 
centre industrial enterprise constitutes a swarm 
of self-eplicating robots. That seems plausible. 
But it also seems to be a disappointingly long 
way from the grind vision of machines that 
don’t need people. Maybe that’s.a good thing. 

ADRIAN CHO 
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Robots’ Allure: Can It Remedy 
What Ails Computer Science? 


Faced with sagging enrollments in the field, school and university 
instructors are engineering a deus ex machina to turn things around 


When Elizabeth Sklar's class starts, the first 
thing her students do is reach for their L 
bricks. This isn'tkindergarten; it'san introduc~ 
tory computer science course at Brooklyn 
College, one of 19: \puses of the City Uni- 
versity of New York, and the Lego bricks are a 
far cry from the ones you built houses and 
Mindstorms: 
o's programmable roboties kit, and 
for Sklar, a computer scientist at the college, 
they are bait to get students hooked on com- 
signee, In some way ys, it works 
too well; “When they get the robots in their 
wands, they don’t want to do lectures, Tean’t 
xzet them to leave, and they want to take the 
robots home with them.” 

Her first assignment has the students, most 
of whom have never programmed before, coke 
their wheeled robots to drive forward ina 
straight line for 6 seconds, By the end of the 
first lab, some are tracing spirals, and by the 


end of the robotics unit, a month and a half 
later, the robots are using sensors to see and 
nt 


feel their environm 

‘The same thinus are happening in college 
and secondary school classrooms across the 
United States and in the Middle East, Europe, 
Asia, and South America. Everywhere the 
xoal is identical: to attract more students to 
computer science. 

Over the past 30 y duate 
computer science enrollments at universi- 
ties in the United States have followed a 
roller After peaking 
during the PC revolution of the early 1980s 
and the dot-com boom of the late 1990s, the 
number of students pursuing a computer 
seience major has fallen signi 
Stanford University in Palo Alto, C 
for example, the number of undergrads 
declaring a computer science major dropped 
from 171 in 2000-2001 to 86 in 2006-2007, 
‘Women, always small minority in the field, 
have become even scarcer than before. The 
Higher Education Research Institute at the 
University of California, Los Angeles, 


reports that in 2004 fewer than 0.5% of 
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interested in 
a low not 


female college freshmen wer 


computer science as a major 
seen since the early 1970s, 
Experts trace the drop in numbers to stu- 
dents’ concerns about job prospects in the 
wake of the bursting of the dot-com bubble, 
increased offshoring, and the influx of cheap 
skilled labor from abroad. Many, however, 


"Bots got game. in Botball tournaments, automata 
{rom around the world compete in miniature arenas. 


think students are unduly pessimistic about 
their opportunities. And some. including 
Owen Astrachan, a computer scientist at Duke 
University in North Carolina, say the lack of 
interest has another key component: The 
classes are boring 

“The classic way to teach computerscience 
e] a really dry assignment like “Write 
a4 program to print the Fibonacci sequence,’ * 
says Tucker Balch, a computer scientist at the 
ia Institute of Technology (Georgia 
Tech)in Atlanta, “Students don’t ze turned on 
by this.” In response, both Brooklyn College 
and Georgia Tech have spiced up their com- 
puter science classes with gaming, media 


‘manipulation, applications to other disciplines 
such as biology and economies—and robots, 

“We're using the sexiness of robots to lure 
students into computer science.” says Douglas 
Blank, who teaches introductory computer 
science at Bryn Mawr College, anall-wome 
outside Philadelp! sylvania, 
and their colleagues at Bryn 
Mawr and Georgia Tech used a $1 million 
grant from Microsoft as seed money to set up 
the Institute for Personal Roboties in Educ 
tion (IPRE) in 2006, Now, when the 180 st 
dents in Georgia Tech's introductory computer 
science course go to the bookstore at the 
beginning of the semester, each shells out 
$68.75 fora shrink-wrapped. lunch box-sized 
blue robot called the Seribbler, 

‘On the first day of class, students tackle 
their robots’ Python programming language, 
naming the “bots and driving them in circles. 
By mid-term at Bryn Mawr, robots named 
Henry Johnson, Borg, Igor, Minty fresh, 
Myro-0001, TevBot, and RJ Nivram, among 
‘others, have progressed far beyond circles. Mr. 
Johnson (operated by freshman Danielle Pan, 
‘who has decorated him with stalked eyes and 
redefelt crab claws) and company are on a mis- 
sion to seek out an orange pyramid placed in 
the middle of the Bryn Mawr computer Ia 
using the robots” cameras. Mission accom- 
plished, the students’ computer speakers erupt 
‘with customized sound files: the “Hallelujah 
Chorus.” lines from the classic comedy movie 
Airplane!, and simple. loud gloating. 

“Lame here tobe a German major, but now 
I'm really into computer science—detinitely 
xoing to be a major” says freshman Steph 
‘Viggiano, Freshman Rebecea Rebhuhn-Glanz 
had been planning a math major, but “now I'm 
thinking computer science—it’s too much 
fan,” she says. 


Filling the pipeline 
Elsewhere, robots are enthralling even 
younger students, STEM (science, technol- 
‘ogy. engineering, and mathematics) advocates 
have been using them for years to reach out to 
studentsaged 6 to 18, often through leagu 
‘competitive as any high school varsity sport. 
Botball is one such activity, run by the 
KISS (Keep It Simple, Stupid) Institute fi 
Practical Robotics (KIPR), headquartered in 
Norman, Oklahoma. The 2007 competition 
pitted 301 teams of secondary school stu- 
dents from the United States and elsewher 
14 regional Botball tournaments, followed by 
a championship at the National (now Global) 
Conference on Educational Robotics in 
Honolulu, Hawaii. In 90-second rounds, 
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Scenes from all over. (Top, left to right) Assembling a robot atthe U.S. FIRST high school competition; British 
entry takes on “Rack and Roll." (Bottom, left to right) Botballers from Qatar; 3 crab-'bot at Bryn Mawr College. 


contestants’ machines scurried around a 
1,2-by-24-meter playing field, vyin 
"Village" (sections of PVC pipe. 
and drink umbrellas) from 
tower spewing bright orang 
‘moving and sorting objects using a variety of 
scoops and pincers. Fach team had 7 weeks 
last winter to design, build and test two fully 


tosive 
felt balls, 
soleano” (a 
¢ plush balls) by 


uitonomous robots using Lezo bricks, ears, 
motors, and sensors—all controlled by 
KIPR robot controller called the XBC whose 
brain is a Game Boy Advance. The 
stresses innovative design and programming 
in the XBC’s Interactive C kar 
The competitors included several t 
from the Middle East, Botball spread to 
the region after the rulers of Qatar invited 
US. universities to set up branch ¢ 


npuses on 
‘anew 1000-hectare complex called Education 
City (Science, 5 December 2003, p. 1652) 
One taker was Carnegie Mellon University 
(CMU) in Pittsburgh, Pennsylvania, Charles 
Thorpe, a CMU computer scientist, moved out 
to become dean and took along his son, 
Leland, former Botball player taki 
off before beginning college. With assistance 
from the university, the Thorpes set up a Qatari 
Botball league. Interest exploded—from four 
teams in 2004 to 18 at the 2007 competition, 
including three each from the United Arab 
Emirates and Kuwait, says Mohamed Mustafa, 


who took over as Botball’s Middle East coor- 
dinator when Leland Thorpe returned to the 
United States. 

The 2007 competition included four all- 
female te: roup of 
middle-school students from the Al Maha 
English School for Girls in Doha, placed 
fourth. Mustafa estimates that the 2008 tour- 
ht 
pt. As hoped, he says, 


ms, one of which, a 


from Bahrain and 
some Bots 
up at the CMU Qatar campus. 

The Hawaii regional, held at the end of 
April, was won this year by a team of 10- to 


n years past have ended 


we in Kamuela 
‘most Botball 
teams are organized by schools, Earl's Garay 
isa community club specifically geared to 
promote STEM. “There's this perception that 
science is hard or uninteresting.” says Earl's 
Garage founder and Wizard of Wonder 
Michelle Medeiros. “Robots area great way to 
remove some of that fear.” After 4 years of 
Botball competitions, Medeiros is organizin 
ntest: the 


team to enter a more grueling 
FIRST Robotics Competition (FRC). 

If Botball is the robotics equivalent of a 
fencing match. then FRC is more like a really 
foul-tempered game of ice hockey. The bra 
child of Dean Kamen, the inventor of the 
Segway, FRC is h ray and heavily 
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sponsored. Whereas Botball robots are small 
nd the focus is on programming, FRC uses 
-kilogram metal robots and concentrates on 
‘ering. After a short “autonomous” 
period atthe beginning of each round, the "bots 
are remote-controlled 

Kamen started FIRST (For Inspiration and 
Recognition of Science and Technology) in 
92, with 28 teams at a single event in New 
mpshire. In 2007, 1307 teams comprisin 
32,300 high school students from Brazil 
Canada, Israel, Mexico, the Netherlands, the 
United Kingdom, and the United States com- 
peted in “Rack and Roll"—culminating in 
‘world championships at the Georgia Dome in 
Atlanta, The game tasked two teams of robots 
12 red or blue poo 


inner tubes on 


pegs on a large circular tower in a kind of 
thre al ticktacktoe while trying to 
fend off "bots from the opposing team. FIRST 
calls its high school competition “a varsity 
sport ofthe mind.” It has spawned two compe- 
titions for younger students 

Both Botball and FIRST are expensive to 
play. Botball mate 
each team $2300, and an FRC team costs 
between $6000 and $8000. Both or 
have opportuni 
¢ participation trom poorer schools, funded 


jimensi 


and registration costs 


ations 
aid to encour- 


ies for finanei 


overnments concerned 


by corporations and 
bout STEM shortages. 

Besides Microsoft's $1 million grant to 
IPRE, the US. National Science Foundation 
(NSF) recently announced $6 million in grants 
to revamp computing education at 25 schools 
nationwide. FIRST counts GM, Motorola, 
Xerox, and the Central Intelligence Agency 
ong its 2000 sponsors, and half of ail 
Botball teams receive financial aid through 
KIPR sponsors that include NASA and the 
Naval Research Laboratory. 

Without a doubt, Botball, FIRST, and a 
slew of other competitions from around the 
\world— including the World Robot Olympiad, 
the International Robot Olympiad, and the 
India Robot Olympiad—have succeeded in 
funneling students into the STEM pipeline, A 
Brandeis University study found that FIRST 
participants were twice as likely to pick col- 

ngineering majors as were 
's who took similar high 
nce Courses, 


Science or 
non-FIRST pa 
school math and se 

‘We need to inspire the best and the b 


ight- 
est to go into computing.” says Jeannette 
Wing, assistant director of NSF's Computer 
and Information Seience and Engineering 
And for better or worse, the way 
to students’ hearts seems to be through 
their robots. BENJAMIN LESTER, 


Directorate. 
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REVIEW 


Self-Organization, Embodiment, and 
Biologically Inspired Robotics 


Rolf Pfeifer,"* Max Lungarella,” Fumiya lida‘? 


Robotics researchers increasingly agree that ideas from biology and self-organization can strongly benefit 
the design of autonomous robots. Biological organisms have evolved to perform and survive in a 

world characterized by rapid changes, high uncertainty, indefinite richness, and limited availability of 
information. Industral robots, in contrast, operate in highly controlled environments with no or very little 


‘uncertainty. Although many challenges remain, concepts from biological 


inspired (bio-inspired) robotics 


will eventually enable researchers to engineer machines for the real world that possess at least some 
of the desirable properties of biological organisms, such as adaptivity, robustness, versatility, and agility. 


Ithough traditionally, biologically in- 
As (bio-inspired) robotics has been 

Jargely about neural modeling (for exam- 
pie, for phonotaxis, navigation, or vision), rovent 
developments in the field have centered on the 
notions of self-organization and embodiment: 
that is, the reciprocal and dynamical coupling 
among briin (control), body, and environment, 
‘We will show that most advances converge onto 
‘a set of principles that are implicitly or explicitly 
‘employed by robot designers: First, the behavior 
ny system is not merely the outcome of an 
internal control structure (such as the central ner- 
‘yous system). A system’sIbchavioris also affected 
by the ecological niche in which the system is 
physically embedded, by its momhology (the 
shape of its body and limbs, as well as the type 
and pl f sensors and electors), and by 
the material properties of the elements composing. 
the morphology (/). Second, physical constraints 
shape the dynamics of the interaction of the 
embodied system with its environment (for exam- 
ple, because of the way it is attached to the body 
atthe hip joint, during walking a leg behaves to 
some extent like a pendulum) and can be 
exploited 10 achieve stability, maneuverability, 
and energy efficieney (2, 3). Third, a direct link 
exists between embodiment and information: 
Coupled sensory-motor activity and body mor 
phology induce statistical regularities in sensory 
input and within the control architecture and 
therefore enhance intemal information processing 
(4), Fourth, viewing an embodied agent (5) as a 
complex dynamical system enables us to employ 
concepts such as self-organization and emergence 
mither than hierarchical top-down control. As we 
review some of the recent advances in bio-inspired 
robotics, it will become clear that autonomous 
agents display self-organization and emergence at 
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multiple levels at the Ievel of induction of sensory 
stimulation, movement generation, exploitation of 
‘morphological and material properties, and interac 
tion betwoen individual modules and entire agents 


Bio-Inspired Embodied Systems 

Artifacts in general and robots in particular are 
always designed for a particular task environ 
‘ment in which they have 10 achieve certain be- 
haviors. In a manufacturing plant, where robots 
have to rapidly weld picces together, preciscly 
assemble motors, or neatly package chocolates 
into boxes, the focus is on speed, precision, con- 
twollabilty, and costeffectiveness. In contrast, 
robots having to perform in the wal world should 
be able to cope with uncertain situations and 
react quickly to changes in the environment. 
Biological systems provide an exceptional source 
of inspiration. The biological world is immensely 
diverse—roughly 1.5 million different. species 
have so far been identified —and this richness is 
also, though at a much smaller scale, reflected in 
the different types of robots that have been de- 
veloped (table $1). Bio-inspiration originates 
from molecular and cellular reproduction (6-8); 
slime molds (9y; walking insects (10, 11); lying 
insects (/2, 13); spiders (/4); lobsters (73); 0° 
topuses (76); fish (77) and other aquatic creatures: 
amphibious animals such as salamanders (18) 
and snakes (19); four-legged animals such as 
geckos (20), mice (2/), and dogs (17, 22} and, of 
course, primates such as monkeys and human 
beings (23-25). Major goals for these robots 
are movement, locomotion (crawling, walking, 
running, climbing, swimming. and flying), nav- 
‘gation, orientation, manipulation, imitation, and 
cooperation. Biology contains especially rich and 
useful knowledge for robotics in disciplines such 
as neuroscience (in particular, computational 
neuroscience and neurocthology), biomechanics, 
animal physiology, and systems biology. 

Given the vastness of the information avail 
able, the question arises as to what insights from 
biology could and should be exploited for desien- 
ing robots. Simply copying a biological system is 


cither not feasible (even a single neuron is too 
‘complicated to be synthesized anificially in every 
detail) or is of ite interest (animals have to sat 
{y multiple constraints that do not apply to robots, 
such as keeping their metabolism running and 
getting rid of parasites), or the technological solu- 
tion is superior to the one found in nature (for 
‘example, the biological equivalent of the wheel has, 
yet to be discovered), Rather, the goa isto work out 
Principkes of biological systems and transfer those 
to robot design. This philosophy underlies, for in- 
stance, the mpidly expanding field of bianies, which 
secks to design technology by mimicking the salient 


tant lesson from bionies studies is that successful 
natural designs rely on eflective embodiment: on 
clever momphology and use of material prope 

If properly applied, embodiment can Iead to 
surprising insights. Although the idea has been 
‘around for quite some time (27-29), its implica- 
tions for the design of autonomous adaptive sys- 
tems have not yet been sufficiently explored and 
theoretically elaborated. As a consequence, robot 
«designers often opt for centralized solutions where 
there is a microprocessor responsible for control- 
{ing the movement ofall limbs and joints, Simply 
applying methods from control engineering to r0- 
bots that have to perform in the real world has not 
worked well in practice: many humanoid robots, 
for example, are still energetically inefticient and 
lack adaptivity when contented with situations that 
animals cope with on a routine basis. An emboxticd 
perspective, because it distributes control and pro- 
cessing 10 all aspects of the agent (its central 
nervous system, the material propertics of its 
musculoskeletal system, the sensor morpholoy 
and the interaction with the environment), provides 
an altemistive avenue for tackling the challenges 
faced by robotics. The tasks performed by the 
‘controller in the classical approach are now partially 
taken over by morphology an! materials in a pro- 
‘cess of selFonpanization; for example, skin proper- 
ties support the functionality of hands: Grasping a 
sass with soft, compliant, slighly humid fingertips 
is much casicr than with thimbles, because the 
«deformation ofthe tissue on the fingertips, which is 
cases surfice contact and 
the embodied view suggests that 
the actual behavior emenges from the interaction 
‘dynamics of agent ark enviornment through a con- 
tinuous and dynamic interplay of physical and 
information processes (Fig. 1). Although impor- 
tant insights can be gained fiom simulations, 
most ofthis review is devoted to studies employ 
ing physically embodied robots; indeed, in spite 
‘of recent advances in simulation technology, the 
actual dynamics of the real world are sill very 
hard to simulate accurately (such as the interac 
tion of an agent’s body with sand or water). 


Embedded Neural Models 


Historical precursors of today’s bio-inspired ro- 
bots were the mechanical tortoises built by Grey 
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‘Walter in the 1940s; these machines displayed an 
impressive behavioral repertoire based solely on 
neurally inspired analog electronics. Inthe past 
15 years or so, robots ofall sorts have been used 
to study and test models of natural neural 
information processing [for recent surveys, see 
(, 30, 31)) Bio-inspired neural modeling has 
driven research on locomotion: for instance, 10 
Understand legged underwater locomotion (15), to 
study the switching between swimming and walk- 
ing observed in salamanders (78) (Fig. 2A), or to 
investigate adaptive dynamic walking on imegular 
terrain (22), Much attention has aso been devoted 
to emulating navigation and orientation behavior. 
mples abound and include visual homing 
inspired by how bees or wasps find their way back 
to their nests (/2), cricket phonotais [how female 
crickets move toward the mating sounds of males 
in highly rugged and noisy environments (32)}, and 


of regularities that transcend the individual sensory 
modalities (4) as necessary for concept keaming, 
such as the urasping of a cup, which yields visual, 
haptic, and proprioceptive sensory information. 
Implications of Embodiment 

In the examples discussed so far, the importance 
of using robots lics mostly in the fact that the 
‘ncural models are embadded in an embostied sys- 
tem equipped with sensors and actuators enabling 
physical interaction with the environment, The 
models are thus exposed to realistic sensory 
stimulation, rather than the idcalized one typically 
used in simulation studies (Fig. 2B). Recently, 
there has been a growing intrest in a more inte- 
native study of biologically inspired systems, and 
‘many of the implications of embodiment have 
shifted towand center stage: exploitation of mor- 
Phology and materials, sensory-motor interaction 
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dynamics, and self-organization (or more pre- 
cisely, selEstabilization, which is stabilization wit 
‘out explicit feedback mechanisms; that is, without 
measuring the disturbances or altering the system) 
(3,10, 17, 22, 35) Fig. 3), 

As an illustrative example, take legged lo~ 
‘comotion in insects. Insects possess dozens of 
degrees of freedom that need to be coordinated 
during walking or running, which is particularly 
challenging when dealing with uneven surfaces. 
Itis plausible to assume that insects do not solve 
the inverse kinematics problem for al the, 
all times (a strategy offen adopted in roboties, but 
which though being computationilly exact 
‘quires high-bandwidth sensory feedback for fast 
zaits). The solution to the control problem can be 
found in the exploitation of embodiment and 
ccontralization, Ifthe insect is pushing back with 
‘one leg, the joints ofall the other legs that are on 


spatial memory formation by med- 
cling place fils and head-liretion 
cells Which, acount for the sophis- 
tiated navigational skills of rodents 
(33), One of the important design 
Principles implicitly expleited in the 
examples above is. sensory-motor 
coordination (34; that i, the mutual 
coupling of sensing and acting. This 
Principle supports the generation of 
information strctur in sensory stim 
ultion: sputitempor comeitions in 
sensory input reams, redundncies be- 
tween different pero modalities, 
or egulaitics in sensory pattems that 
aw invariant with respect to changes 

in illumination, size, or orientation 
‘The infomation theoretic pica 
tions of embodiment are firscaching. 
Fis, the induced information struc- 
ture represents redundancy across 
sensory channels, which may, given 
the typically staggering number of 
Possible state that the sensory input 
‘can asstume, substantially simplify per- 
<xption. Second, information structure 
dos not exist before the interaction 
cceurs but emerges only when the 
canbodiad system interacts wih its 
suroundings. However, once such 
structure has been induced, learning 
can pick up on it by forming. cross- 
‘madal associations, so that nest time 
sound, the pertinent information 
sinicture is more easily reactivated, 
and, for example, stimulation in one 
sensor modality can be partially pre- 
dice fom another one (or instance, 
by looking ata glass we can partially 
predict what it will fel lke when we 
zmuyp it). It follows that embodied 
atthe rot of kaming 


Jocked correlations and the discovery 
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Fig. 2. Implications of embodiment (the interplay of information and physical 
processes), Driven by motor commands, the musculoskeletal system (mechanical 
system) of the agent acts on the extemal environment (task environment or 
ecological niche). The action leads to rapid mechanical feedback characterized by 
pressure on the bones, torques in the joints, and passive deformation of skin 
tissue. In parallel, external stimuli (pressure, temperature, ad electromagnetic 
fields) and intemal physical stimuli (forces and torques developed in the muscles 
and joint supporting ligaments, as wel as accelerations) impinge on the sensory 
receptors (sensory system). The patterns induced thus depend on the physical 
characteristics and morphology of the sensory systems and on the motor 
‘commands. Especially if the interaction is sensory-motor coordinated, as in 
foveation, reaching, or grasping movements, information structure is generated. 
The effect of the motor command strongly depends on the tunable 
‘morphological and material properties of the musculoskeletal system, where 
by tunable we mean that properties such as shape and compliance can be 
‘changed dynamically: During the forward swing of the leg in walking, the 
muscles should be largely passive, whereas when hitting the ground, high 
stiffness is required, so that the materials can take over some of the adaptive 
functionality on impact, such as the damped oscillation of the knee joint. 
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the ground are moved in the “cor 
rect” direction, a movement that can 
be detected by angle sensors in the 
joints (7). This way, there is global 
‘communication between the lees 
‘that can be exploited for their co- 
‘ordination, even though at the level 
‘ofthe neural system no central con 
troller forthe leys exists. 

‘Another means to simplify the 
control of dynamic locomotion is 
though passive mechanisms alone, 
For instance, the rapid adaptation to 
small unpredictable bumps in the 
ground is taken over by the passi 
compliance of the insect’s muscle 
tendon system and the slack in its 
joints (3, 14), Technically, it is 
possible to realize this prineiple for 
hexapod walkers using pneumat 
linear actuators (air muscles), where 
the compliance is provided by com 
pressed air, enabling the robots to 
move at impressive speeds even 
‘over rough terrain (0) (Fig, 2C). 
Similar feats have been achieved by 
employing electrical motors cou- 
pled to spring-lamper systems in 
the ease of quadrupeds (/7, 

‘These are all examples of what 
‘one might call “intelligence by 
mechanics” (35), which implies 
that the intrinsic dynamies of the 
nonlinear mechanics yield se 
stabilizing behavior (that i, robust- 
ness with respect to. perturbations 
\ith minimurn neural sensing) Para 
igmatic examples of selftabilizing 
systems are the passive dynamic 
Walkers: robots (or rather mechanical 
structures without microprocessors 
‘or motors) that walk down a slope 
without contro! and actuation (2). 
The walker's morphology (center of 
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mass, length of the limbs, and the shape of the 
fect) and its materials are carefully designed so as 
to exploit the physical constraints present in its 
ecological niche (ition, wravity, and inclination 
of the slope) for locomotion. Interestingly, to get 
the robot fo lean to walk on a level surface, one 
can reuse the mechanical design obtained during 
passive dynamic walking and endow it with ac- 
tuators in the ankles or hips (Fi 
dynamies of the body/environment system can 
be used as a target for Ieaming the control policy 
of the actuators, and it isan “easy” 


once the is in the desired basin of 
attraction, it is “pulled” into a quasiperiodic 
eyele trajectory. In other wonls, the robot 
Jearns to walk on flat ground within a relatively 
short period of time. The theoretical import of 
this case study lies in the tight coupling of em- 
bodiment, self-organization, and leaming. 
10 walk is not localized in 
the controller but is fully distributed throughout 
the agent and its dynamics: part of the control 
task is “outsourced” to the physical dynamics of 
the agent 


In all forms of locomotion, neural control can 
be simplified thtough clever morphological design 
and use of fictional materials, A case in point is 
aquatic locomotion. I is known that fish, som 
phibians, and reptiles swim by producing traveling 
‘waves of neural activation transmitted along chains 
of coupled oscillators located in the spinal cord 
(36), The attempt to mode! and mimic the very 
same mechanisin has inspired a host of mul 
mented undulatory robots such as fish, swim- 
ming salamander, and snake robots (14, 19). The 
key to their construction isthe translation of neural 
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Fig. 2. Se-organization, dynamics, and materials in bio-inspired robotics. (A) 
Smooth transition between swimming and walking (28), This amphibious 
salamanderlke robot (~80 cm long) embeds a spinal cord model that explains 
the ability of salamanders to switch between swimming and walking. The 
locomotion model is butt by extending a primitive neural circuit for swimming 
by phylogenetically more recent limb oscilatory centers. (B) Rich sensory 
stimulation through proper sensor morphology (22). This robot (-7 cm in 
diameter) owes its sophisticated sensory capacities to the specific arrangement, 
shape, and material characteristics ofits whiskers. Natural whiskers from rodents 
(Guch asthe ones used on this robot are far superior to whiskers but from other 
‘materials in terms of richness of the signals relayed to the neural system. (C) 
Self-stabilizing rapid hexapod locomotion (10). This robot (~15 cm long) moves 
with a bouncing gait, achieving rapid (over 4 body lengths per second) 
locomotion. Its legs are built with compliant pneumatic actuators, which yield 
self-stabitzation through mechanical feedback. (D) Passive dynamics~based 
walking (2), Designed to work on a slope as a dynamic walker, this robot (45 
«an tall) exploits dynamics and morphology (in particular, the shape and length 
of the body and feet) to achieve stable walking. The robot's natural dynamics 
serves as the target dynamics fora reinforcement learning mechanism, enabling 
the robot to quickly leam to walk on flat ground. (E) Self-stablzing vertical 
takeoff through materials and morphology (13). inspired by fies, this ultralight 
(60 mg, 3-cm wingspan) omithopter (a device that flies by flapping its wings) 
Generates sufficient lift to take off vertically (power is supplied externally). A 
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large part of the control is delegated to the morphological and materia 
properties of the robot. Compliant structures are driven into resonance to 
produce a large wing stroke, and flexible material is used inthe wing hinges to 
allow for passive rotations of the wings. (F) Agile wall-limbing through 
materials (20). The bio-inspiration for this palm-sized robot is provided by the 
‘gecko and its uncanny climbing talents. The robot's trifoot (three-footed 
wheel is equipped with a polymer dry adhesive material, which to some extent 
has contact properties comparable to those ofits biological analog. The robot 
‘an flexibly navigate on smooth vertical and even inverted surfaces. (G) 
‘Morphing through localized self-econfiguration (7). Ths self-reconfigurable 
robot is composed of active (actuated, black) and passive (nonactuated, white) 
‘cubic modules (~400 g, ~60 to 65 mm side length), The modules connect to 
‘each other through hooks, which enables the robot to change its morphology 
in a large number of ways. The picture shows the metamorphosis rom a four- 
leaged (quadruped) structure to a linear (Gnakelke) structure. (H) Global 
movement through local interaction dynamics (9). The individual wheel-like 
modules (-10 om in diameter) constituting this robot are equipped with 
spokelike parts driven by linear actuators. The wheels lie horizontally on the 
‘ground and attach to neighboring modules by Velcro. Although no module 
‘can move on its own, by using neural oscillators as drivers for the actuators 
‘and through the physical coupling between the units, a coordinated global 
‘wave of activation can be induced in dusters of more than 30 modules, which 
leads to forward movement, even though there is no global control 
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‘activity imo tongues propagating through the indi- 
‘vidual segments, so thatthe resulting reactive forces 
Jead to forward movement. An alfemative strategy 
for understanding underwater locomotion attempts 
to exploit morphology and bio-inspired materials, 
as demonstrated by a recently built fishlike robot 
that can swim by simply moving the tail back and 
fonh (17), The “trick” that gives rise to lifelike 
‘movements in such a strongly underactuated sy'- 
tem is the right choice of materials in the caudal 
fin; materials that allow the “tuning” of the fin 
shape in a way that seems to optimally distribute 
the hydrodynamic forces over the fish’s body dur 
ing propulsion and maneuvering (/7). The tuning is 
reminiwent of the way in which biological 
finned fish actively control the curvature oftheir fins 
to optimize the transmission of locomotor forces to 
ent, maximizing propulsion 
@), 


the aquatic environ 
while i 


imizing ener 


Flying is different from swimming because in 
addition to the thrust required to move forwand, it 
‘smecesary to produce sufficient lift to stay in the 
air (3). Despite the impressive mastery of flight 
by today’s technologies, constructing bio-inspired 
devices capable of nontethered (free) flight re- 
‘mains a challenge. The performance gap between 
mechanical flapping devices (omithopters) and 
their natural analogs is sill large (20). As for 
swimming, one potential avenue might be the ex- 
ploitation of the morphology of bio-inspired mate 
rials (13) Take an insect wing during hovering 
flight, Its material properties in terms of resilienc 
stiffness, and deformability are essential to gene 
ate adequate fift in the absence of any forwant 
velocity. For instance, the shape of the wing 
changes greatly when moving back and for 
through the stroke plane (3), Although such chan, 
in shape could in principle be actively controlled, it 


5 

7) 

Bos . 

1) re eee 

8 ss) r . = 

Oe 7 os o os ' 1s 2 
Distance (m) 


Fig. 3. Selt-stabilization. (A) Picture of a two-dimensional underactuated monoped hopping robot 
attached to a central rod with a rotational joint (courtesy of A. Seyfarth and A. Karguth). (B) A 
schematic representation of the hopping robot in the different phases of locomotion: flight, 
touchdown (TD) [with angle of attack (AOA)], and takeoff (TO). Only the joint depicted by the black 


circle (hip joint) is actuated, the knee ( 


Circle) is passive, and the lower limb is attached to the 


upper limb with a simple spring. (C) Output of a simulation of the robot. The upper part of the 
panel shows the trajectory of the model over time as a sequence of stick figures; in the lower part, 
the angle of attack (the angle at which the leg hits the ground) is plotted. The model exhibits a 
stable hopping gait with a periodic hip motor oscillation, as indicated by the constant AOA at every 
step in the left side of the panel. At distance d = 0 m, there is a step in the ground that disturbs the 
robot's movement but to which the robot adapts without the need for any changes in the control. 
This purely mechanical phenomenon is called self-stabilization. [Figure adapted from (35)] 
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is more efficient and faster ifthe intrinsic material 
ccharacterisics are exploited and contol is out- 
sourced to the morphological and material prop- 
erties of the wing. An additional advantage of 
this solution is that the wings ean be made much 
lighter because less actuation is required (Fig. 2E), 
Finally, materials can also be exploited for 
as beautifully showeased by the un- 
ccamy climbing skills of geckos, which ean dash 
up smooth walls and walk across ceilings with 
seat ease, The geckos owe their sticky fet to the 
structural properties of thei toes, which are cov 
ered with millions of nanoscale hairlike stalks 
branching into hundreds of tiny endings (38). The 
use of micropattemed fibrillar dry adhesives 
inspired by gecko foot momhology is bound to 
Jead to impressive advances in the construction of 
robots that can climb vertical or inverted surfices 
of all kinds (20) (Fig, 2F and supporting online 
material). 


Scaling Up Complexity 
‘Over the past decade or so, with the advent of 
aging societies and the concurrent advan 
of technology, substantial re 
been directed toward engineering robots capable 
of performing a large variety of tasks such as 
assisting the elderly (by lity of 
fife and health care), doing houschold chores 
(washing the dishes, cooking dinner, and 
. helping workers on assembly 
surveillance, and entertainment. Much progress 
has been made inthe study of basic abilities such 
as locomotion (2, 25); manipulation (39) 
understanding the surrounding environment 
including the recognition of objects, people, and 
other robots; and social interaction (23, 40, 41), 
Because such robots need to operate in environ- 
ments built for humans, the morphology of 
choice is humanoid or anthropomorphic 
Humanoid robots often have highly soph 
tivated sensory-motor systems (24, 25), which 
implies that they are confronted with t 
problem of processing potentially large amounts 
of information in real time. Although much re- 


real workd, especially in the ficlds of 
intelligence and cognitive robotics (42), the 
environments, for the most part, have t 
of relatively limited complexity. One pot 
reason might be that the size of the 
for learning optimal decision policies 
scenarios makes the direct transfer of 
algorithm-based machine-earing tcchnigues 10 
robots not straightforward moreso, if’ sueh robots 
rieed to operate in real time, Again, exploiting 
the agentenvironment interaction might provide 
at least part of the solution. As demonstrated by 
‘experiments with robots (4), the notion of em- 
bodiment actively supports and promotes inteli- 
ent information processing, greatly simplifying 
the challenge posed by the need to process lan 

amounts of sensory information (Fig. 4). Consider 
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‘loosely swinging am: Although the trajectory of 
the hand is highly complex, the neural control for 
it is comparatively simple, as coordination is 
achieved primarily through peripheral mechanical 
feedback loops and the biomechanical constraints 
provided by the musculoskeletal system. The be- 
havior that emerges from the synergistic coupling 
ofthe arm’s morphology, its natural dynamics, and 
the coupling. with the environment yields an ef- 
fective exploration strategy because it increases 
the probability that something interesting happens: 
that the hand encounters and grasps an object andl 


This way, sensory stimulation is not only induced 
but it also tends to contain information structure, 
which then strongly simplifies perception and 
Icaming (Fig. 4). 

Research on bio-inspired cognitive robots that 
has received considerable attention is imitation 
Ieaming (23, 24), in which robots eam fom hu- 
mans or other robots. This idea has a special 
appeal because imitation is a powerful mecha- 
nism for reducing the search spaces associated 
with Ieaming in the real world, which might 
eventually lead to robots that will nced only a 


borings it into the visual field oF into the mouth, minimal amount of programming (40), The 
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Fig. 4, Information self-structuring. (A) Picture of the robot a small humanoid with a pan-tit head 
equipped with a charge-coupled device camera [adapted from (4). In this experiment, there are two 
conditions: foveation (fov), where the camera in the robot head tracks an orange ball that moves in the 
robot's visual field (sensory-motor coupling is undisrupted), and random (rnd), where the movement of 
the camera is unrelated to the movement of the ball (ensory-mator coupling is disrupted). (B) Schematic 
representation of the experimental setup. The ball is connected to the tip of the most distal fink of a robot 
arm. The arm's movement is preprogrammed and is independent of the head's movement. The movement 
of the ball results in a displacement of the ball relative to the head and leads to physical stimulation in 
the head-mounted camera. Sensory feedback is induced, entailing motor commands from the controller. 
The motor commands entail a movement of the head, which in turn leads to physical stimulation of the 
camera, thereby inducing information structure. (Q Various measures to capture information structure: 
entropy (the amount of disorder in the system), mutual information (the extent to which the activity of 
‘one pitel can be predicted from the combined activities of neighboring pixels), integration (2 measure of 
global coherence), and complexity (a measure that captures global coherence and local variation). The 
‘measures are applied to the camera image in the case of the foveation condition (top) and random 
condition (bottom). As can be seen, there is more information structure in the case of the foveation 
condition for all measures; for example, the dark region in the center of the entropy panel indicates that 
entropy is clearly diminished in the center of the visual field, (disorder has been reduced, or in other 
words, information stucture has been induced), which & due to foveation being a sensory-motor 
coordinated behavior. This example illustrates information sel-structuring because through its behavior, 
the robot is structuring its own sensory input. [Adapted from (4)] 
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hope that the imitation problem can soon be 
resolved has been fxeled by the discovery in the 
mid-1990s of the mirror neuron system (@.n 
work of brain areas in the premotor and parietal 
cortices activated by both recognition and 
production of object-oriented movements) and 
its purported link to imitation (43). An important 
challenge in robotic imitation eaming is that 
robots, in spite of their superficial resemblanc 
have entirely different momhologies from hu- 
‘mans. A similar problem is faced by babies trying 
to imitate adults. Although no generally accepted 
answer seems to be in sight, it is clear that a 
biomimetic solution has to take into account the 
morphological and material constraints to wenerate 
the proper imitative dynamics (24). 


Designing Morphologies 
Working in parallel with sensory-motor coordi- 
nation, the specie body morphology (as well as 
the materials employed) is crucial in shaping the 
resulting. information. structure 
‘words, the design of the controller and that of the 
momhology are inseparable fiom cach other, 
because both affect information processing, Yet, 
although some progress has been made 10 op- 
timize the design of robot controllers, robot mor- 
phology sil largely remains a matter of heuristics, 
In evolutionary robotics, the most widespread ap- 
proach is to stat with a fixed momhology and 
ically a neural 
(44), In nature, however, there is never an 
empty” organism, but brain (controller) and body 
(morphology) cocvolve. By subjecting the mor- 
Phology 10 evolutionary optimization as well, one 
‘can not only more fully exploit its power but also 
make the approach more plausible from a bi 
logical perspective. Technically, the robot's mor- 
phology is cither encoded in the artificial genome 
in terms of parameters standing for length, diam= 
eter, types of joints, and material properties of the 
basic building blocks that ean be wed by evolution 
to build organisms (45), or results fom a process of 
‘ontogenetic development (46) of body and. brain 
based on models of genetic regulatory networks (1) 
IF it is indeed the case, as we have argued 
«arlicr, that much of the functionality of a robot is 
«duc to its particular morphology, then it would be 
desirable to have robots that, depending on the 
task at hand, can alter their shape, The term 
“morphofunctional machines” has been coined to 
designate devices that can change their function- 
ality not only by a change in control but by 
‘modifying their morphology (47). Some modular 
selfrecontfigurable robots can “morph,” for exam- 
pile, from a snakelike structure into. a quadruped 
walker or vice versa (7, 48) (Fig. 2G), which can 
be very helpfil ifthe rbot needs to move through 
‘a narrow space to accomplish its task. Incorporat- 
ing change of shape into the design considerations 
is crucial and bears enomous potential for 
increased adaptivity, versatility, and resilience, an 
‘dea that has not been substantially exploited yet. 
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‘To date, much of the work in modular robotics 
is based on macroscopic modules (with sizes 
ranging from centimeters to tens of centimeters) 
‘compesed of microprocessors, communication inks, 
sensors, actuators, and mechanical or magnetic 
docking interfaces (48). The size of the mexlukes 
imposes severe constraints on the kinds of shapes 
that can be built and the fanetionality that ean be 
achieved AL micrometer scales, these constraints 
are kes critical, but conventional robotics technol 
‘ogy can no Tonger be apple: iti thus essential to 
rely on processes of selFassembly—the autono- 
‘mous organization of patlems or structures with 
lite (or ideally, without) human intervention (49). 
‘The combination of self-assembly with modular 
robotics might offer an important strtezy for fab 
ricating arbitrary morphologies with specific 
‘material properties and for engineering robots dlis- 
playing truly emergent functionalities (Fig. 2H). 

Sea ane a Ying low intial los 
‘aggregate into an organism perform some 
fimetionality, collective robotics investigates how 
groups of robots cooperate to accomplish a par- 
ticular task (50), Nature provides a wealth of 
collective phenomena that emerge through pro 
cesses of selorganization from the local inter- 
action of individual agents (the formation of 
trails and bridges; sorting, flocking and school- 
ing behaviors; communication; and dominance 
interactions), which have provided much inspi- 
ration for toboties. With some notable exceptions 
(50, $1), much of the research in collective 
robotics is still conducted in simulation, More- 
over, momphological and material considerations 
are typically not taken into account. 


Self-Replication 

The ultimate challenge, selEreplicating robots 
(machines that can autonomously construct a 
functional copy of themselves), has a lot of 
romantic appeal but conjures up images of a 
runaway technological cataclysm, Nonetheless, 
many approaches to selFreplication have been 
suggested since John von. Neumann's seminal 
work on selE-replicating cellular automata almost 
60 years ago. Physical sel-replicating machines 
have recently been realized with manually sup- 
plied 10-cm cubes that can connect 10 form 
arbitrary arrangements (8), as well as with elec- 
tromechanical units randomly floating on an air 
table, which first grow into a mechanical five-bit 
string and then selfreplicate (6). Sel-replication 
is not yet a well-defined subject and different 
notions of the term “selFreplication” exist. Al- 
though von Neumann's cellular automaton con- 
sisted of more than 150,000 cells, each capable 
of assuming 29 different states, more recent sys- 
tems contain just a small number of cells, with 
fewer states and lite reliance on selForganization. 
It has thus been hypothesized that selF-replication 
is not a clearcut binary propenty but a con- 
tinuous one (8). Moreover, we might be more 
inclined to aceept a machine as self-reproducing 
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if it not merely recruits existing modules but as- 
sembles them from materials available in its sur- 
rounding environment. Although the later is the 
pal of some projects (52), actual selxeproduction 
(@s observed in biological life) in artificially built 
systems still needs to be achieved. 


Conclusion 
Recent work on bio-inspired robots suggests that 
sell-organization and embodiment are power- 
ful concepts in the development of adaptive 
autonomous systems. Exploiting the dynamics 
provided by materials and morphological prop- 
erties as well as the interaction between phys- 
ical and information processes promises to 
extend the capabilities of established control- 
based robot design methodologies. Although 
bridging the gap between anificial and natural 
systems will require addressing many concep- 
tual and technological challenges, we believe 
that a first important step is the abstraction of a 
set of design principles. Such principles will not 
only yield a deeper understanding of biological 
structures and processes but will also guide the 
construction of novel types of robots of unpree 
dented diversity and behavioral characteristics. 
Exciting times are abead of us. 


Reterences and Notes 

1L Plier, J. Bogard, How the Body Shapes the Way 
We Think—A New View fIntelignce (MT res, 
‘Cambridge, MA 2007) 

2. 5. Clin, A. Runa, RTedake, M. Wise, Science 307, 
1082 (2005). 

3. MLK. Dickinson eta, Scence 288, 100 (2000), 

‘4 M Lungaela, 0. Spoms, PLoS Comp. Biol 2 e144 
2006) 

5, We use the term “agent” whenever we do not want to 
imate a dstrtion between humans, animals, and rbots. 

46, S.Griith, 0. Goldmater, ML Jcobion, Manure 437, 636 
008), 

7. S. Mura, M Kurkama, HJEEE Robot. Autom, Mog. 14, 
7 goon. 

1. V2, M.Estatios, M.Desnoyer,H. Upson, 
IEEE Trans. Robot 23, 308 (2000). 

9. A lhiguo, M. Shiu, T. Kawakats, Robot Auton. Sat 
4, 641 (20080. 

10. 1 G Gham, | K Karpich, MR Cuthosky, Int J. Robo. 
‘es 23, 141 (2008) 

11. H.Grse,V. Der. Schmit, Pils. Tons. R.Soc. 
{London Ser. 4 365, 221 (2007). 

12, A Vandy, R Maller, Connect Sci 17, 47 (2005), 

1B. RJ, Wood, in Proceedings ofthe International 
Conference on lateligant Rebets ond Syms (San 
Diego, CA, 2007), pp. 1576-2581. 

14. 1.C Spagna, O.L Goldman, PC. Un, D. .Hodasche, 
A. Full Bioingpittion Biomimetics 2, 9 2007). 

1S. |. Ayers, |. Wining. Philos. rans. R. So. Landen Ser. A 
365, 273 (2007). 

16, B Jones, LD. Waller, IEEE Tons. Robot. 22, 45 (2008) 

17 Phils, F. ida, G. Gomer, It. Congress Sr. 129%, 22 
20062, 

1B, AL). Ippeen. A. Ges. D. Ryka, Jk Cabelguen, 
Soence 315, 1616 (2007. 

19. 5. Hirose, €F.Fohushia, lot. J. Rabot. Res. 23, 341 
o08). 

M Siti KEE Robet. Autom. og. 14, $3 (2007). 

M Ferd, . BovetR leer, Robot. Autor. Sy. $4, 686 

2006). 

22M Adrra,¥. Fucks, ALK. Cohen, Int J. Robot. Res 
26, 475 2007. 


SCIENCE VOL 318 


SPECIALSECTION 


23. K.Dastenhahn, Philos. Tons R, Soc Landen Ser, 8 362, 
679 007. 

24. ¥.Kunioshi tol, in Emboded Arif Ineligence, 
F lida, Refer, Steels, Y. Kunst, 4s, Gpringer- 
Verig, Bertin, 2004), pp. 202-218, 

25. F Peis, H. ove, Ea. Philos. rons. R. Soc. London 
Ser A 365, 3 (2007). 

26, FV. Vincent, 0. A Bogayreva, N, R. Bogayrey, 
‘A Bomyer, A-K. Pal J. R Soc. Intefoce 3, 471 2006), 

27. A Bioks, Science 253, 1227 (1990. 

28. M. Merleu-Fonty, Phenomenology of Perception, 
Smith Tana. (Routledge and Kegan Paul, London, 
a). 


30. G. A Beley, Autonomous Robots—From Biologcol 
Inspiration to implementtion and Control (IT Pres, 
Cambridge, MA, 2005), 

31. JoA. Meyer, A Gullo, in Springer Hondbook of Robotics, 
1, Siang, 0. Khatib, Eds. (Springer-Verlag, Bertin, 
2008, chap. 60 

32. R. Reeve, B, Webb, A. Horchle,G. Indiv, R. Quinn, 
Robot. Aston. Sst. $1, 41 (2005). 

33, JL Krighma, OA Nit}. A. Gall, GM, Edelman, 
Proc, Nat cod. ck USA. 102, 2111 (2005) 

34, The tem “sersorymotr coordination” goes back 1o 
John Dewey, who pointed out in 1896 that perception 
‘results fom the coupling of acting and sensing; for 
applications to robotics, see (53). 

35, RBlhhon eto, Piles, Hans. R Soc. London Ser. A 

165, 199 (2007) 

36, 5. Geliner, Mewon $2, 751 2006), 

37. 5. Alben, PG. Madden GV. Laude 
4, 263 (2007). 

38, K Aaturn, Ar Sc. 94, 124 (2006) 

39. CC. Kemp, A singer, E.Torresora, (EEE Robot. 
‘Autom Meg. 14, 20 (2007), 

40. A Billard, 5. Seal, Ed, Neral Net. 29, 251 


i 


2M Lungarla, G. Metta, R eer, G. Sand, Connect 

Sci, 38, 151 (2003). 

5. Th, W, Burgard, 0, Fox, Poboblisc Robois 
Press, Cambridge, MA, 2005), 

43, M. Ati, G. Met, P. van der Smagt, in Springer 
ondbook of Robotics, 8. Sicano, O. Khatib Eds. 
(Springer-veiag, Bertin, 2008, chap. 62. 

4, 5. Nal, 0, Foreano, volvionary Robots: The Biology. 
Inteligence, ond Technology of Se-Orgoniing Machines 

‘Wit Press, Cambridge, MA, 2000) 

Lipson, J Fllack, Noture 406, 974 (2000). 

The level abstraction at wich ontogenetic development i 
stated eve ithe cer and geve-based conmunkation 
‘etna, wheres inthe field of cognitive robetic, is the 
‘entice indo the teraction between india 
47 F. Kara, R. Peer, Morph Functional Machines —The 

‘New Species: Designing Embodied iteligence 
(Springer-Verlag, Toby, 2003), 

48, ML Yi et ol, IEEE Robo. Atom. Mag. 14, 43 (2007). 

49. G Whitesides, 8. Grows, Scence 295, 2418 2002) 

50. E.Tuci et a, ACM Trens. Aafon. Adoptive Syst 2, 115, 
(2006) 

52. D, Floreana, . Mir, 5. Magnenat Keller, Cr. Biol. 
47, 514 007). 

. S. Rasmussen e ol, Science 308, 963 (2008), 

Pll, . Scheer, Robot. Auton. Syst. 20, 

1997) 

‘4. RL and ALL thank the European Union (EU) projet na. 
{S¥-2004-004370 RobotCub, the EU Future Emerging 

Technolgies GED project FP6-002035 (PACD, and the 

‘iss National Science Foundation (SNF) (grant 200021- 

130921071... was supported by a Sais SNF Fellowship 

{or Prospective Researchers (rant PAZH2-11446)). 


‘Supporting Online Material 


ro cencemag.orgegicontentiul/310/5853/1088/0C1 
Table 
Reterences 


O.A126science.1145803, 


16 NOVEMBER 2007 


1093 


1094 


Robotics 


REVIEW 


Mobile Robots: Motor Challenges 
and Materials Solutions 


John D. Madden 


Bolted-down robots labor in our factories, performing the same task over and over again. 
Where are the robots that run and jump? Equaling human performance is very difficult for 
‘many reasons, including the basic challenge of demonstrating motors and transmissions that 
efficiently match the power per unit mass of muscle. In order to exceed animal agility, new 
actuators are needed. Materials that change dimension in response to applied voltage, so-called 


ial muscle technologies, outperform muscle in most respects and so provide a promising 


‘means of improving robots. In the longer term, robots powered by atomically perfect fibers will 


outrun us all. 


cchnologies is considered specifically for 
robots that are humanlike inform. Mare 
Raibert and his group at Massichusetts Institute 
of Technology (MIT) showed in the 1980s that 
robots can walk, nun, and do flips (7). These 
robots are not free, however, but rather are at- 
tached to their power supplies. The ineredible 
achievements and the limitations of successive 
lifelike robots provide insight into the challenges 
of using conventional actuators to drive machines 
that mimic human form and motion, The focus of 
this article is on robots and humanoids in par- 
ticular, but much of the discussion of actuators is 
relevant 10 any active mechanical system and 
particularly those that involve intermittent rather 
than continuous motion, such as prosthetics, 
medical devices, valves, locks, and toys. 


I: this anticle, the application of actuator 


Combustion Engines: Powerful But Hard to Carry 
The power per unit mass achieved in intemal 
combustion engines is 1000 Wikg, about 10 
times greater than the continuous power output 
of cur own muscle (2). High power makes 
combustion engines excellent for the propulsion 
of vehicles, and particularly for highway driving, 
where abrupt changes in speed or dinvetion ane 
‘unusual. This power is combined with the long 
range afforded by the use of gasoline, which has 
fan energy per unit mass that is about 20 times 
higher than that of a good battery, even afler 
accounting for the ~30"% efficiency typical in an 
intemal combustion process. There are two par= 
ticularly notable challenges to using the com- 
bustion engine on a robot, however. The first is 
thatthe engine operates best over a narrow range 
of rotation speeds, providing no torque at all at 
zero speed. Cars have transmission systems, 
including clutches and gears, that enable accel- 
ration from a complete stop up to high speed. 
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This transmission is not suited to the abrupt 
motions required ofa robot, such as reaching for 
‘an object, then holding it for some time at a 
fixed postion, and then throwing it away. The 
second challenge is simply carrying the hot, 
loud, and fuming engine on a robot while oper- 
ating it efficiently and effectively, with space left 
for five. 

Steve Jacobsen and his colleagues have dem- 
onstrated particularly impressive we of hydraulics 
to drive robots (3). Hydraulic actuation is: a 
sophisticated version of the system usa to drive 
the shovel on a fontend kader. Jacobsen’s hry- 
eaulic robotics perform extremely lifelike move- 
‘ments and have been demonstrate in Disney theme 
‘ark humanoid robots and Jurassic Park nas 
However, these rely on an extemal power scure, 
‘The Berkeley Robotics Laboratory has shown that 
hhydiaulic motor can be taken on hour (4,5). ts 75- 
Jk device is nota free-standing robes but rather an 
exoskeleton with powered ankles, 
knees, and hips. The robot is 
attached at the feet and the hips, 
and it works in parallel with the 
‘wearer, allowing an additional 75 
kg to be carried. This capability 
is intended to relive a foot 
soldier's burden. The combined 
hydraulic system, empty fuel 
tank, valves, actuating pistons, 
and intemal combustion engine 
cexhibita powerto-mass ratio that 
isabout the same or perhaps a bit 
ower than that of muscle itself 
(6). Hydraulics are not terribly 
efficient for walking, which 
requires high power output only 
for brief periods of time. For the 
remainder of the time the system 
is needlessly shunting fuid. Pri- 
marily as a result of this in- 
efficiency, BLEEX expends three 
times more energy in walking 
than a human does (4). further 


Fig. 1. Honda's humanoid 
robot ASIMO on the run. 
Reproduced from (23) with 
the permission of the Honda 
‘Motor Company. 


«drawback isthe noise and heat ofthe combustion 
‘engine. The device certainly augments human 
strength, but so far soldiers are better off building 
up their own muscle ifthey can, 

One key to reducing weight and inereasing 
efficiency, and thereby making hydmauties more 
Practical, may be to redesign the intemal com- 
bustion engine to allow for the bursts of power 
needed during walking, running, or jumping 
(7.8). A potential weight-saving measure is to 
use lightweight pneumatic actuators in place of 
heavier hydraulic pistons, although this increases 
the mass of the pump (9). Either way, its very 
hard to beat muscle, 


Electric Motors: Jogging But Not Sprinting 
Electric motors are attractive because they 
feature high continuous power per unit mass 
[up 0 300 Wkg when using rare cath magnets 
(10) and twice that when actively cooled (/)} 
and high efficiency (can be >90%) (2), They are 
also relatively quiet and generate high torques at 
Tow speeds, making the transmission easier than 
it is in the combustion engine. Honda's impres- 
sive ASIMO is a battery-powered, umtethered 
humanoid robot driven by electric servomotors 
(12-14), There isa motor for cach of the 34 joints, 
including arms, legs, hips, hands, fect, head, and 
fingers. The fast rotary motion of the electric 
motors (which deliver maximum power at high 
speed) is converted to slower joint rotation by 
using a compact reduction system known as a 
harmonic drive, The drive has the same effet 
is going into very low gear on a bicycle, This 
transmission system, however, is heavy, bringing 
the overall power per unit mass down to or below 
that of muscle. Honda’s lates robot, shown in Fig, 
|.isableto doa slow run (6 krn/hour, equivalent to 
2 16-min-mide pace), with both feet Ieaving, the 
ground simultaneously between 
steps, clearing the ground by 
about 3 em (/3). It cat also do 
light work, picking up 1 kg (about 
four coffees) when using both 
hands. Similar complexity and 
performance are demonstrated in 
‘other battery-powered servomotor- 
driven robots, including Sony's 
QRIO robot (/5, 16), which is 
‘much smaller than ASIMO and 
was the fist to nun, and Kawada’s 
HRP-2 (6, 17), which is about 
the same size as ASIMO but 
does not run 

Why can't ASIMO and the 
‘others go faster, jump higher, oF 
‘cay a Tanger load? Speed is lim- 
ited by the peak power output, 
Peak power requirements triple 
in the progression from walking 
to sprinting (18), so ASIMO'S 
motors need to be three times 
heavier to achieve a fast run 
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than they do for a moderately paced walk. In a 
hhuman the size of ASIMO, the peak power at 
the ankle is about 200 W (4), Ata sprint pace, 
the power rises to 700 W (18). Factoring in the 
inefficieney of the transmission, the power 
needed. from an clectric motor 8 more than 
1000 W in cach ankle. With transmission 
included, the power density of the motor is 
roughly halved, so when using a high- 
performance uncooled electric motor and gear- 
Head the output is 130 Wkg (0), 

resuing in the need for a 654g A 
motor on each ankle, Imagine the 

effect om the quactriceps of carrying 

an extra gallon of milk on each calf 

during a sprint: The actuator is 

simply too heavy. 

Mammatian skeletal muse 
fonn of musele we use to move our 
limbs, has peak power to mass of 
about 300 Wikg for fast twiteh muse 
cle and lower in aerobic forms (19). 
On the basis of the 700 W required 
at the ankle during sprinting. and 
optimistically assuming fast twitch 
performance, 2.3 ky or about 2 iters 
Of calf muscle are required. That is 
avery large calf muscle, particular 
ly for a person the size of ASIMO 
(54 kg), Nature gets away with sig- 
nificantly smaller muscles. This is 
achieved by shunting more than 
0% of the energy in a stride in to 
tendon extension, muscle stretching, 
and flexion of the foot (/8), The 
running motion has been likened to 
the travel of a pogo stick, and the 
legs each modeled by a spring in 
series with muscle. This approach is 
being mimicked in robotics by in- 
setting springs in series with actua- 
tors (20) and has been used in 
several bipedal robots (9). In time 
these may be able to match our own 
mechanical performance, particularly 
if metal springs are avoided (the 
small strains of metals make them low in energy 
density compared to tendons and rubbers). 

Can the electric motors used in robots be 
improved? The Lorentz force used to drive these 
motors produces a force that is proportional to 
current, Current is limited by the heat generated 
due to resistive losses. Power output can be 
doubled by adding cooling. One means of im- 
proving ASIMO’s performance is to add a 
Water circulation system that enables. perspira- 
tion, In expending 1 kW of energy continuously 
(a strenuous activity level in a human), lithe 


‘cost, but making robots that drink to keep cool 
should dramatically improve agility 
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the Compliant 


Banteries, hybrids, or fuel cells? ASIMO has 
4 S1.8-V lithium ion battery pack, which can 
sustain it for 1 hour and takes 4 hours to re- 
charge. Humans can continue for days on their 
reserves. Our fat, when combined with oxy- 
gen, generates enough adenosine triphosphate 
(ATP) (2/) (the molecule used to power mus- 
cle and other processes) to provide 15 MI/kg. 
30 times more usable energy than the same 
‘mass of lithium ion battery. At present ASIMO, 


Elaste delectnc fim 


Fig. 2. (A) Mechanism of actuation of dielectric elastomers (21) and (B) 
SRI's FLEX 2 six-legged robot operating with sheets of dielectric 
elastomers rolled around a spring to form tubes. Two spring rolls drive 
each leg. Figure reproduced from (29) with permission of the SPIE. 


with its image and voice recognition abilities, 
cn act as a receptionist, siting phigged in be- 
tween making small deliveries or afler guiding 
visitors to their meetings. How can endurance 
be improved? 

‘Some reduction in energy expenditure may 
be possible. HRP2 runs its 11-kg batteries 
down in about 1 hour, corresponding to an 
average power expenditure of about 300 W. A 
person walking at a moderate pace burs 
about 3.3 Wikg of body mass, a 220-W ex- 
penditure for someone weighing the same as 
the robot (58 kg). The comparison suggests 
that there are opportunities to reduce power 
consumption in robots, but what is really 
needed is a high energy density storage 
method. 
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‘One option is to create the robotic version of 
‘a hybrid car. A portable combustion engi 
driving a 1-KW generator weighs about 15 kg 
including fel for up t0 8 hours. The effective 
‘energy density of the fuel plus the generator 
‘over 8 hours is about five times better than that 
‘of a battery, but sill about five times worse than 
storing energy as fat. The key to matching fat is, 
to make the motor smaller and lighter. In the 
Tong nun, the development of turbine generators 
‘on a chip could solve the energy 
challenge, These are millimeterseale 
turbine blades, combustion cham 
bers, and electric generators: micro- 
fabricated in silicon, Fucl-driven 
‘microfabricated turbines exhibit 
power densities that are more than 
100 times larger than those in 
traditional combustion engines, mak- 
ing their size negligible compared to 
the stored volume of fuel and thus 
‘enabling a 20-fold longer running 
time than is possible with batteries 
(22). Some fabrication challenges 
remain, however, before these devices 
are fully demonstrated, 

Fuel cells are a promising option 
‘but are not sufficiently developed. A 
commercial portable hydrogen fuel 
«cll (23) can provide the same power 
‘output per unit mass as the portable 
‘gs generator, but the space required 
is larger because of the fuel volume 
‘noeded, making it more cumbersome. 

Muscle: hart to surpass. ‘The 
skeletal muscle used 10 actuate our 
limbs (24-26) is a beautifully refined 
linear actuator, typically capable of 
contracting by 20% of its length, This 
Jange linear contraction is transmitted 
to bones via tendons, creating a torque 
about joints that in tum rotates limbs, 
Cycle life is high, weaching more than 
1 billion activations in the heart, The 
souree of energy is chemical and, as 
‘with fossil fuels and hydrogen, is very 
high im energy density in lange measure because 
‘oxygen is freely available in the atmosphere, The 
~45% energy conversion efficiency between 
ATP and mechanical work is not as good as in 
4a high revving electric motor but is better than 
that of the combustion engine. A special feature 
‘of muscle is that ican selectively activate subsets 
of fibers within a single muscle. tis also capable 
of changing stiffness by a factor of 
characteristic made possible in part by muse 
ratchetlike actions at the molecular scale, When 
the ratcheting mechanism is released, the stiffness 
drops. These properties enable us to grade force 
depending on load, thereby increasing effici 
ey and improving control. Imagine trying to 
catch a baseball with your ams completely 
stiffor totally relaxed. Inthe first case, it would 
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bounce out of your glove before you could 
grasp it, and in the second the ball would move 
right through you. The same property enables 
uusto cushion our landing when jumping from a 
height. 

So why not use muscle in robots? Muscle 
‘operates optimally when associated with a cir 
culation system that provides oxygen, glucose, 
‘and nutrients and can carry away heat, CO, and 
other waste, It also has relatively fine control 
from nerves that enable rate, force, and speed 
control, Additionally, the digestive and circula- 
tory systems provide amino acids that enable 
‘muscle to build up, repair itself and regenerate, 
owing. it to adapt to demand and to last a 
lifetime. Our wchnology is not yet ready to 
interface with such a complex sy: 


Artificial Muscle 
Many materials have been investigated as 
didates for artificial muscle (26-28), including 
gels that swell and contract by more than 100% 
in response to changes in pH and temperature: 
shape memory alloys, whose change in erystal 
structure with changes in temperature or applied 
magnetic field produce relative changes in 
Jength of up to 10% at high loads; intrinsically 
conducting polymers that change and discharge 
like batteries and swell or contract by about 8% 
in the process: ionically conductive polymers in 
hich ions and solv shuttled from one 
side of the material to another, producing a 
bending motion; and liquid crystals, whose 
change in alignment with temperature or electric 
field leads to displacements. The two most 
immediately promising technologies are di- 
clevtic clastomers and relaxor feroelectric poly 
mers, Both are electric fiekd-driven, and they 
feature high work per unit volume [reaching 
1 Jem’, compared to 0,04 Jem? in muscle 
(26). The high work density compared with 
muscle means that less volume and mass are 
ities are similar to that of 
ter and thus more agile 
devices. The relatively good coupling between 
the electrical input energy and the mechanical 
work performed (20% to 90%) enables them to 
‘operate with efficiencies that are comparable to 
or better than that of muscle. Dielectric elas- 
tomers in particular are ripe for application, 
having been demonstrated in multiegzed robots 
(29) (Fig. 2B) and an anm-wrestling device (30), 
as Well as being commercially available from 
the star-up Attificial Muscle Incorporated of 
Menlo Park, California 
Electrically driven rubber. Dielectric elas- 
tomers (3/) are thin sheets of rubbery mate- 
rials (typically silicones or acrylics) whose top 
and botiom surfaces are coated with Mexible 
electrodes, as depicted in Fig. 2A. The devices 
are capacitors with compliant diclecries. When 
the electrodes ged, the opposite changes 
fon each electrode attract, leading to a reduction 
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in the distance between capacitor plates and an 
expansion in the plane. The actuator can more 
than double in length. These materials outperform 
muscle in nearly every respect but have their 
limitations. 

‘Strains increase in proportion to the square 
of the magnitude of the applied field, so 
ensuring that breakdown occurs only at very 
high fiells (-100 MVim) is critical. High 


dielectric strength is achieved by prestretching. 
films by up to 300%. The problem is that main- 
taining this prestretch requires a mechanical struc 
ture that is generally much bigger and heavier 


Fig. 3. Actuation of metal nanofibers. (A) Scanning electron 
‘micrograph of niobium nanofilaments formed by drawing a 
copper-niobium composite. Reprinted from (39). [Copyright 
1978 American Institute of Physics} (B) A depiction of how 
such fibers might be actuated, showing two individual fibers to 
which voltage has been applied through an electrolyte. The 
charging of the surfaces of the fibers is expected to lead to 
both expanding relative to their neutral states when charging 


levels are sufficiently high. 


than the elastomer film itself (26, 32). This 
makes the effective work density much lower, 
similar to that of muscle. The performance may 
not be good enough for use in humanoid robots 
because of additional electrons required to pro- 
duce the high voltages (1 kV) that are needed. 
‘There are materials solutions that help eliminate 
the need for prestretching, however, and thereby 
gxcatly improve performance. Recent work has 
shown that, by interpenctrating a stiff, cross-linked 
polymer between the rubbery chains of the elas- 


tomer when in a stretched state, much of the 
‘extension is maintained when the load is re- 
leased (32). This eliminates the need to prestrain, 
improving the work density. The actuators can 
also be fast, with nearly constant amplitude of 
displacement having been demonstrated at more 
than 1 kHz in one form of dielectric elastomers, 
Important challenges in the application of 
diclectric elastomers to robotics are finding an 
effective and compact method of generating 
high voltages and ensuring safety. 

Electric fields that move molecules. Ferto~ 
electric polymers such as polyvinylidene fluo- 
ride (PYDF)-based materials 
generate substantial anisotropic 
deformations when an electric 
ield_ is applicd (33, 34). The 
thackbone of this polymer is par- 
tially Muorinated. The uorine 
atoms attract electrons, making 
the polymer polar. Fields act to 
change the orientation of the polar 
groups, altering the conformation 
of the polymer chains, resulting in 
displacements. A disadvantage had 
been the relatively lange hysteresis 
in these materials, similar to that 
seen in permanent magnets, leading 
h switching losses and poor 
control of displacement, In order to 
reduce these losses, defects are ine 
troduced, which disrupt the forma- 
tion of large polar domains. In these 
disordered materials, known as 
relaxor ferroelectrics, the applica 
tion of a field to an oriented poly 
mer leads to changes in length of 
Lup to 7%, The strain is smaller than 
that in muscle, making larger me- 
chanical amplification nevessary 
in onder to displace limbs, How- 
ever, stiffness and foree per eross- 
sectional area are higher than in 
muscle (20 MPa operating stress 
versus 0.35 MPa in musck), leading 
toa much langer work density (about 
25 times higher than that of muscle. 

Further development is needed 
in onder to determine eyele life and 
scale the size of these devices up to 
that needed to nun a large robot, As 
in dielectric elastomers, high volt- 
ages are used. There are opportunities to reduce 
Voltages needed in ferroelectric polymers and 
dicletric elastomers by using thinner layers of 
materials with a higher dickeetric constant and 
lower stifiess, but these solutions are not as 
simple as they appear. Increasing dielectric 
‘constant can lead 10 higher stiffness and lower 
breakdown potential, for example. Another 
challenge is ensuring that these and other 
materials can go through the needed number of 
‘eycles before failure, because regeneration is 
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not currently possible. At present, the cycle 
number is in the tens of millions in dielectric 
clastomers, adequate for continuous operation 
‘once a second 8 hours a day for | year. 


New Approaches 
Can we emulate muscle itself? One approach 
is to design molecules that undergo reversible 
shape-changing interactions and to harness these 
shape changes in onder to create musclelike 
material, Synthetic motors relying on molecular 
seale interactions have been developed (35) that 
could eventually mimic muscle. These include 
molecules that fold and unfold as a funetion of 
applied voltage, single molecule rotary motors, 
and molecules that slide past each other in re- 
sponse to jon insertion. Creating assemblies of 
‘motor proteins is another option. In these cases, 
«key challenge is not only designing the appro- 
priate molecular-scale interactions but also pro- 
ducing the meso- and microscale structure that 
cnables effective operation on the macroscake. 
The molecules-to-mechanisms approach has 
been successfully demonstrated in azobenzene, 
‘a molecule that reversibly changes bond shape 
in response to interactions with photons. Atomic 
force microscopy measurements show that these 
molecules exhibit molecular-Fevel Kength changes 
in response to light, and similar strains are 
observed macroscopically (36). Light actuation 
is not always practical A challenge for the 
synthetic chemistry and materials communities 
{sw develop molecular mechanisms that ane 
activated directly or indirectly by high energy 
fuels (ex, hydrogen and oxygen (37)]. 

An exciting new actuator technology that is 
currently being explored employs. nanotubes. 
Carbon nanotubes are essentially perfect in their 
atomic structure. Defects help atoms to stip with 
respect 1 cach other, causing imeversible 
doformation. The absence of defects enables 
these filaments to deform elastically by several 
percent or more, instead of the 0.1% typical of 
‘metals and ceramics, The clastic enengies stored 
in these materials are huge, approaching 10 Ja 
in metals, based on clastic strain and modulus. 
About one-fourth of this energy can readily be 
extracted (38). A sphere 7.5 em in diameter 
could contain the active material needed to 
perform the same work as all of our muscles put 
together. Our biceps could be replaced by an 
S-mmliameter wire. Such compact muscle would 
be enormously enabling for robots, making them 
far lighter and more agile. 

In order to extract the energy from nano- 
wires or nanotubes, there needs t0 be a 
‘mechanism of stretching them in the first place. 
In a cross-bow our muscle provides the 
stretching, but what can we use to stretch these 
tiny filaments? Also, if they are to be used in 
robots, the size needs to be scaled up substan- 
tially without producing defects. The stretching 
can be done electrostatically, as has been shown 
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in carbon nanotubes (38), platinum nanopar- 
ticks (39, 40), and most recently nanowires 
(41). Changing is achieved by submerging films 
of these materials into an electrolyte and 
applying an electrical potential through the 
solution, as depicted in Fig. 3B. The resulting 
charging of the surfices of the nanotubes, wires, 
‘and nanoparticles is sufficient to expand these 
stiff materials because of their high surfice 
area-to-volume ratios. 

At present, however, the problem is that the 
coupling between input electrical enengy and 
‘output mechanical work is low. Spun nanotube 
yams show change-induced strains of 0.5%, and 
stresses can exceed 100 MPa However, the 
loctromechanical coupling is less than 1%. The 
problem is that a lot of energy is expended 
stretching the nanotubes, but very little is ex- 
tracted because the stiffness of the yarn is far 
lower than that of the individual nanotubes. 

How can the coupling and the strain be 
improved? The conceptually simple but practical 
ly challenging answer és by making the macro- 
scopic structures as si as the microscopic ones. 
Ithas boen known for some time that bundles of 
superstrong nanowires (42-44), as shown in Fig, 
3, can be as strong as the individual wires from 
which they are composed. If the bundles can be 
‘made porous, then it may be passible 10 ionically 
charge them in onder to induce deformation. 

No actuator technology yet_ matches the 
‘muscular system's combination of high energy 
density ful, relatively efficient operation, scale- 
able force, elastic cnengy storage, and power 
output. Developments. in transmissions, series 
clastic elements, and energy storage and genera 
tion mechanisms should make it possible to equal 
musek’s performance using traditional motors, 
Electric fiekd-driven polymers outperform mus- 
cle in most respects but noed creative solutions 
for delivering the electrical power in a safe and 
compact manner. Ifthe incredible propertics of 
nanofibers can be extended to macroscopic scales 
in actuators, as has been achieved for passive 
‘mechanical structure, then antificial muscle will 
enable robots to outrun and outjump us al 
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REVIEW 


Robotics in Remote and 
Hostile Environments 


James G, Bellingham* and Kanna Rajan 


In our continuing quest for knowledge, robots are powerful tools for accessing environments too 
dangerous or too remote for human exploration. Early systems functioned under close human 


supervision, effectively limited to executing preprogr 
ication is ineffective or unviable, robots will need to carry out complex 


to regions where comm 


ymed tasks, However, as exploration moves 


tasks without human supervision. To enable such capabilities, robots are being enhanced by 
advances ranging from new sensor development to automated mission planning software, 
distributed robotic control, and more efficient power systems. As robotics technology becomes 
simultaneously more capable and economically viable, individual robots operated at large expense 
by teams of experts are increasingly supplemented by teams of robots used cooperatively under 


‘minimal human supervision. 


he drive to explore is a human quality 
T= hhas changed our understanding of 
the world and the universe we inhabit. 
‘Toxay the frontiers of exploration have moved 
to distant and hostile environments, to which we 
can travel only at great expense, Visiting: the 
abyssal sea floor requires a sophisticated sub- 
menible launched from a ship staffed with 
highly trained specialists. Venturing as fir as 
Earth orbit requires the resources of a-nation. 
The technical challenges and costs of keeping 
humans alive in harsh and distant environments 
have led to an increasing use of robots as 
proxies, In space, scientific results obtained by 
unmanned robotic spacecraft are already im- 
pressive, Their many discoveries include 
providing the best evidence that water once ran 
fon the martian surface (1), discovering the 
existence of methane lakes on Titan (2), and 
ilying the minaway greenhouse effect on 
‘Venus (3). In contrast to deep space. the ocean 
has been accessible to humans, athough only at 
substantial cost. What robots promise for the 
‘ocean sciences is a great reduction in the thresh 
old for access, allowing a much more pervasive 
presence in the ocean. Already mobile robots 
are in use in almost every domain in the ocean, 
fiom the previously unsurveyed cavities under 
floating ice shelves (4) to the volcanically active 
rmid-ocean ridge system where new sea floor is 
being formed (5), 

Deep space and the ocean’s interior are often 
associated with difficulty in communications; 
consequently, an important measure of a robot's 
effectiveness there is is ability to function with 
litle or no human supervision. Unless an under- 
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‘water vehicle is operating within acoustic com- 
‘munication range of an appropriately equipped 
ship (typically on the order of a few kilometers), 
the only communication option is to surface and 
communicate via satellite. Typically, satelite 
communications options for small vehicles 
provide bandwidths up 10 only 10 kilobits per 
second: at sea. This contrasts with communica 
tion rates over 10 times higher available 10 the 
Mars Exploration Rover (MER) vehicles on the 
surface of Mars (Fig. 1). However, the round-trip 
communication time to Mars can be as long at 
40 min. For many tasks, introducing such a lag in 
the control loop is ether fatal or debilitating 10 
productivity. Thus the marine environment and 
the space environment provide a common mo- 
tivation to endow robotic platforms with greater 
onboard autonomy. 

Autonomous mobile robots used in explora- 
tion activities are highly dependent on their abil- 
ity to sense and respond to their environment. In 
contrast 10 a robot in structured settings, such as 
4 factory Noor, an exploration robot must ac- 
complish its goals in a previously unmapped 
environment with unpredictable disturbances and 
threats. At one time, building a robot that reliably 
carried out a set of preprogrammed tasks was a 
technical accomplishment. Today, exploration 
robots are expected fo sense their surroundings 
and act to avoid problems or improve perform- 
ance. For example, operational underwater 
robots are expected 10 avoid bottom collisions 
in most circumstances. The more sophisticated 
their perception of their sumoundings, the 
gxcater their ability to respond constructively. 
Consequently, attention is now turning to fiekd- 
ing practical robots capable of replanning their 
mission in response to changing circumstances 
‘while deliberating on how best to satisfy the 
goals and expectations given to them by human 
operators, 


The technological evolution of exploration 
robotics is shaped by our understanding of 
‘emenging scientific needs. Although space and 
‘ocean robotics present many of the same prob- 
lems, the importance of the ocean to climate 
prediction on Earth creates additional impera- 
tives for marine robots. The ocean is a large 
thermal reservoir, and its circulation, determined 
bby winds, Earth's rotation, and variations. in 
temperature and salinity, moves heat from low 
to high latitudes. Beyond its physical properties, 
the ocean comprises the largest ecosystem on 
the planet; although the function of the vast 
majority of marine organisms is yet to be dk 
termined, one known function is to produce 
approximately half of the oxygen we breathe 
(6). Yet atthe same time, the ocean is one of the 
Icast-well-observed portions of the planet. 
Remote sensing techniques examine the sea 
surface while leaving the bulk of the ocean 
unobserved. What is emerging is a need for 
‘observation systems that are capable of making 
‘coordinated measurements in many places atthe 
same time. 

Scientific challenges, such as understanding 
slobal climate change, are addressed in a highly 
interdisciplinary environment, A pasticular ro- 
bot, or collection of robots, will need to respond 
toa wide array of scientific goals, which may be 
intertwined by operational necessities evolving 
fon a short time frame, For example, ocean 
‘observing systems composed of lange numbers 
‘of coordinated observation assets. (described 
later in this paper) serve many investigators, 
‘cach with their own research agenda, Thus, an 
cemenging model is the use of the Internet 10 
support collaborative frameworks, allowing 
Participants to engage each other in the sinnulta- 
neous development of scientific understanding 
and operational plans, 


Interplanetary Exploration 
Early failures of robotic and launch platforms 
for space missions in the 1960s helped focus 
technology development toward making 
spacecraft hardware robust, Software to run 
these vehicles for interplanetary explorat 


To this day, spacecraft are predominantly 
controlled with predefined commands that are 
‘generated a priori by human controllers and 
‘communicated to the vehicle. The control se- 
‘quence is then executed onboard with limited 
contextual awareness. Inthe void of inter- 
planetary space, such lack of situational aware 
ness has a limited impact on the operation of the 
spacecraft, However, inevitable contact with the 
‘environment on planetary surfaces, coupled with 
round-trip light time delays, have to date 
implied large numbers of human operators on 
Earth who are carefully crafiing commands to 
‘ensure the health and safety of the robot. This 
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has often ed to lessthan-optimal use of these 
robotic proxies, if not affecting their economic 
efficiency. For instance, during the nominal 
mission, the twin MER vehicles were supported 
around the clock, by upwards of 200 engineers 
ccolocated at the Jet Propulsion Laboratory JPL). 

In 1999, NASA's Deep Space 
1 spmcceraft (DSI) demonstrated a 
truly autonomous robotic mission ea- 
pability with the deployment of the 
Remote Agent artifical intelligence 
(AD (7,8) system, Sixty-five million 
miles fiom Earth, it was able to 
liberate onbeand and. demonstrate 
failure diagnosis and revovery fiom 
injected faults, Also onboard was an 
‘autonomous navigation (%) capabil 
that used pattem recognition to com 
Pare images of stars with a known star 
‘catalog 10 triangulate the spoccerat's 
position during its. interplanetary 
‘euise, This ccakoed a longsespouscd 
view by researchers inthe fields of 
robotics andl AI: the sensephaact 
(SPA) model, in which the robot senses 
its environment, decides whether an 
a priot (or newly) generated course 
‘of action is appropriate, and based 
‘on that determination, actuates its 
sensors to observe, simple, of move 
in ity environment, More recent 
laboratory tests, science-based 
tonomous operations have demon- 
strated detection and tracking of 
pre-specified events of sci 
interest (/0), coupling pattem recog- 
nition with onboard deliberation on 
wheeled robots. This points to an 
interesting and neeessiry conver 
ence between the fickls of auton 
my, machine teaming, and robotics 
to tackle real-world probkms of 
scientific interest in detecting and 
tracking episodic events, such as 
dust devils on the martian surface. 

On DSI, the onboard auton 
requirements necessitated. the coor 
inated use of pater matching. with 
doliberstion and command execution. In per 
forming a trjectory correction, the Remote Agent 
would throttle down the engine, request the 
attitude contol system to execute the tum while 
keeping the solar panels aligned wo the Sun, take 
pictures of an appropriate s 
‘commection using the AutoNav 
star catalogs, and then throttle up to resume its 
cruise, It would do so by averaging out imag: 
jivers while damping the tum, ensuring that Sun 
angle constants and the uncertainty of tum times, 
aswell as mitigation for camera. component 
failures, were taken into consideration during 
command execution. During the course of the 
experiment, files were injected to demonstrate 
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the system could graceflly recover and continue 
Without undue human intervention, demonstrating 
the impact such techniques have in. mission 


operations as well as in dealing with events of 
scientific opportunity. This was an carly and 
dramatic demonstration to prove that Al techniques 


Fig. 1. Robots now roam the surface of a distant planet, exercising 
increasing levels of autonomy. (A) A MER vehicle leaving the lander platform 
to begin its exploration of Mars. (Credit courtesy NASAJPL-Caltech] (B) False- 
color image of a promontory jutting out from the walls of Victoria Crater, 
Mars, which is being explored by NASA's MER Opportunity rover, This image 
was taken by Opportunity’s panoramic camera on sol 1167 (6 May 2007). It 
js presented in false color to accentuate differences in surface materials. 
lImage credit: NASAPLICornel 


are finally maturing while dealing with real-workt 
complexity. They have dane s0 after decades 
fundamental research in knowlege representation, 
automated reasoning, ant computational search 
[see (//) fora comprehensive view of fundamental 
Al techniques), which are central to deliberation 
and Al asa whol. 

However, because of the perception of risk, 
the adoption of onboard deliberation techniques 
bby the operations and science communities has 
proceeded slowly, One variation of the SPA 
paradigm that is increasingly popular is that of 
mixed-initiative systems (/2), in which humans 
are aided by and in tum guide the formulation 
of plans by a computer. Such mixed-mode 
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interaction uses the substantial cognitive capa- 
bilities of humans together with the intrinsic 
capability of computers to deal with numerical 
computation when aiding robots in decision- 
‘making, The command and control of the MER 
\ehicles, for instance, uses techniques originally 
used for onboard deliberation but 
now used on the ground at JPL in 
the Mixcd-tnitiaive Activity Plan 
GENerator (MAPGEN) (/3) for 
planning science and engineering 
activities, Although thi 

does not close reabtime se 
loops, it allows s 
to decide what science 
to plan by specifying constraints 
‘on their observations while ab- 
stracting out and dealing with the 
engineering details of the rover 
hardware situated remotely on 
Mars. Early proving tests at JPL 
showed a 20% inerease in the 
‘quantity of seienee data returned 
While sustaining the quality when 
using such mixed-initiative tech~ 
hiques over a purely manual ap- 
proach. This led 10 confidence in 
deploying the MAPGEN too! set 
which to date is the longest- 
running AL progra 

critical role in the space domain, 
Such modalities hold promise for 
engineered systems where the com 
plexity of the environment, if not 
‘of the platform itself, currently 
necessitates human/computer inter- 
action, another key area of research 
in AL and robotics, 

Software engineering techniques 
have progressed. substantially. 10 
‘exploit hardware breakthroughs in 
computation and sensing. Lower 
Jevel functionalities are no longer 
where AL and robotics research- 
ding the bulk of their 
attempting to make ro- 

bots more effi her, higher 

level decision-making. capabilities 
stemming from better understanding of robotic 
control, coupled with progress in AI search and 
automated reasoning techniques, are pushing the 
boundary of how robots deal with the 
world 


crs ae 
efforts i 


Observing Earth's Ocean 
In contrast to space robotics, which is shaped by 
the high costs of launch and the complete absence 
fof opportunity for human intervention shoul 
Problems be encountered, robetics in the ocean 
sciences has been a. grassoots aflait Most efforts 
start with comparatively small budgets and only 
gradually develop into lager programs. Devel 
pers of undersea robatsofien accompanied their 
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weather or in the midfle of feebound oceans 
The development of autonomous marine robots 
for science standin the 196s with the Sele 
Propelled Underwater Research Vehicle (SPURV) 
(/4), SPURV was the first autonomous under 
water vehicle, o AUV, and was used to measure 
horizontal variably in the ocean, a propety that 
in hard 10 charecrize fromm a ship. By te early 
19%, over 56 illxent AUVs were describe in 
the published fieraure, akhough almost all were 
demonstration i n operational 
plats, and many had never been sucoessfily 
Operated (/5)- Inthe pst halcade, AUVs have 
seen adoption by not just the scence community 
but also the miliary and the oll and gs indy 
The result ib 8 growing 1 — 
companies that make AUVs and thir specialized 
sutystans. As a conssquence, the sate of AUV 
tecinology and AUV capabilities is evolving 
rapidly (Fig. 2), 

Early applications 


AUV'S started in some 
of the most ts, such as the 
deep oe asthe platforms have 
matured, they're increasingly used even in 
easily accessible locations and in a variety of 
roles, The efficiency and stability of AUVs as 
both sonar and imaging platforms have 


high- 


ages a growit 


Fig. 2. (A) An underwater glider on the deck ofa boat, ready for deployment. Gliders can make simple measurements 
of ocean properties such as temperature and salinity for months ata time, traveling at a speed of about 25 cmés.(B)A 


Dorado AUV, capable of carrying complex payloads such as mapping sonar and comprehensive suits for analyzing the 
physica, chemical, and biological properties of seawater at speeds of 1.5 mvs. Thisimage shows the AUV after recovery 
by the U.S. Coast Guard cutter Healy in the icepack north of Svalbard. (C) A docking station with 2 Dorado vehicle 
captured in the docking cone, shown in testing before deployment. This device was connected toa cabled observatory, 


well as photomosaies (/%) to support a wide 
range of science interests (Fig. 3). The Auton- 
‘omous Benthic Explorer (ABE) uses pro 

sive search strategies to find hydrothermal v 
in which the vehicle starts with a wide 
search for a neutrally buoyant hydrothermal 
vent plume and then progresses t Ww 
more localized buoyant plume and sea tho 
stucture of hydrothemnal vents (/9). At his 
latitudes, AUVs have been used to make 
measurements under ice, measuring heat flux 
(20, 21) and distributions of biological popula- 
tions (22), both key observations for understand 
g the current rapid rate of change of Arctic 
climate and ecosystems, AUVS are also. 
used for more routine operations, such 
ow coastal 


driver in AUV design, and different applications 
motivate quite diflerent types of vehicles. To 
achieve long endurances oF ranges, designers have 
‘wo options: to make the vehicke very lange and thus, 
capable of carrying large quatities of batteries, or 
to make the vehicle very slow and low-powered, In 
many cases, factors such as the size and power 
mption of the scientific sensors force the 
vehicle to be lange. Vehicles such as Autosub (24), 
ABE (25), Hugin (26), ax! Dorado (27) are all 
‘examples of layer systems used 10 cay mo 

science payloads such 


allowing Internet connectivity with the vehicle and the charging of vehicle batteries (46). 
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mapping sonar or diverse collections of sensors 
physical, chemical, optical, and 
. Gliders (28-30) 
are an example of'small underwater phitforms with 
Jong endurance. They are a cousin to the profiling 
floats already present in large numbers in the ocean 


using lif 
vertical into horizontal motion, inste 
propellers used by most other AUS, 
The success of autonomous platiorms has 
raged the development of sensors that 
capitalize on and complement the availability of 
lower-cost methods of observing the ocean. 
Although sensors to measure physical properties 


wre, salinity, and current have 


such as temper 


been available for many years, many_ research 
labora 

(32) and bi 

introduction 

nite ations (33) allows AUVs to 


characterize nutrient availability in situ, where it 
previously could be determined only by lnbort 
tory analysis of samples taken fiom ships, A 
range of techniques for identifying small ong 
nisms is being developed as well, incliding 
systems that optically image orga nd use 
computer recognition to classify them (34). 
The nocd to observe and understand the 
intemal weather of the ocean and the changing 
‘composition of ocean ecosystems at 
spatial and! temporal res- 
‘olutions hats motivated the creation of 
observing systems using fleets of 
AUVs. Such observations provide 
‘observation that 
been possible before, usefll 
of purposes, including 
the improvement of understanding 
and parameterization of ocean pro 
‘cesses important to climate models 
The Autonomous Ocean Sampling 
Network (AOSN) (45, 36) uses thoes 
highly capable mobile 
coordinated sumpling 
ced 10 predictive assimi- 


systems as 
network, fi 


lative ocean models to observe and 
AOSN is 


predict ocean processes. 
both enabled by, a 
small, Jon 
plato 
vehicles ca 
biological sensors, By combining, 
vehicles optimized around different 
observa more 
complete observing system ean be 
created, Integral to AOSN is the 
ipling of observations to real-time 
physics-based oceanographic models, 
which both synthesize disparate 
measurements into a realization of 
environment and provide 

predictive tool. The need 10 opti- 


ial abjectives, 
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mize the performance of such 
complex collections of observation 
elements and models motivates 
study of survey optimization and 
adaptive sampling (37-39). Thus, 
the success of AUV technology is 
leading to the creation of ocean 
observing systems composed of 
diverse assemblies of underwater 
robots 


Trends for the Future 
Exploration robotics is. transforming 
fiom an activity in which individual 
robets are deployed for fixed periods 
and operated by teams of specialist toa 
pervasive activity operating continuos- 
ly by distributed multiiseiplinary 
teams. This will be driven by techno 


development of 
suppenting infiasincture, ad collabo 
rative software systems Inthe oceans, 
the energy limitations of existing 
systems will be surmounted by new 
strategies for extracting penver from the 
‘environment and using scientific power 
‘ax communications iniasructure be= 
stalled in the ocean, 
‘A robot's capability is a. strong 
on of the sophistication of its 
nt For 
‘example, a sensing. system that pro- 
‘cesses camera imagery to identify and 
frocks makes rock sampling an 
isk for onboard control 
software. However, a scientist will 
‘want the robot 1 be selective in 
choosing, woeks. Thus a more sophis= 
ticated system might classify rocks, allowing 
their prioritization for sampling. In essence, the 


decision-making process is made much simpler if 


sensing systems can provide the right informa 
tion, Autonomous robots are already abe to build 
Ppetveption-based semantic networks (40-12) that 
allow them to label and localize objects in struc 

2s: the models that leverage such 
capabilites will migrate from meticulously hand- 
crafted entities 10 ones increasingly leamed by 
the robot during exploration. ‘Thus the rapid 
advances of the sensor community will be 
augmented by advances from the artificial in- 
telligence community to provide information to 
decision-making software in a much more rele- 
ant form. 

‘Advances in autonomy will not only be driven 
by better sensing, but it in tum will drive and 
nenasingly be driven by online Kkaming, novel 
methods for representing and reascning about 
uncertainty, and software engineering capabilities 
for verification and validation, Mochine-leaming 
techniques are already leaming the evolution of 
simple natural phenomena (43); the next logical 
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Fig. 3. A three-dimensional image of the interaction of physical and 
biological processes, as mapped by an Odyssey AUV off the coast of 
California (52). The green volumes show a phytoplankton layer, detected by 
its chlorophyll orescence. The underiying cyan surface shows deflection of 
the constant-density surface by an internal wave, interrupting the 
phytoplankton layer. To accomplish this survey, the AUV moved in a 
sawtooth patter across the survey area while profiting vertically. The volume 
shown is 6.5 by 2.5 km in horizontal extent and 23 m in depth. 


step will be to build models of the environmental 
changes, allowing robots to make more informed 
{and potentially optimal) decisions whike executing 
mission plans thus making them more adaptive: 
Robots will then be able to deal with unstructured 
‘environments and hostile conditions on planetary 
surfaces while simultancously detiberating about 
their mission goals and real and potential flue 
conditions. Those in the ocean will be able to 
“sail” out and follow gradients toward their 
sourves, whether they be fieshwater plumes, 
harmful algal bloonts, or eflucnts from mid-ocean 
hydrothermal vents, characterizing and sampling 
their environment and generating high-resolution 
bathymetric data while determining their own 
location and ensuring their beakh and safety, all 
\without any human supervision. Yet none of these 
advances in robotic autonomy is fikely without 
increased trust in how implemented software is 
working or i expected to work. Validation (is this 
the right system forthe job) and verification (isthe 
system built right) techniques before long. will 
ccrtfy the viability of the software for the tasks for 
Which it was designed and deployed. 
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Mobile robots are pat 
restricted by their ability to wener- 
‘te or store energy. Over the past 
s decades, batteries have 
become safer, and secondary bat- 
teries can be recharged more of 
ten, but only incremental changes 
in enengy density have been real 
ized, Space robots have mitigated 
buttery limitations by using solar 
panels 0 greatly increase the 
lifetimes of space missions. Efforts 
are under way to build solar 
powered AUVs (44) and AUVS 
that draw their energy from 
thermal gradients in the ocean 
(30), Etfons targeting the creation 
‘of untethered buoys that can hold 
their position against prevailing 
‘currents and winds are attempting 
to extract energy trom wind and 
waves. Tapping the chemical 
energy stored in. sediments. on 
the sea floor is the goal of yet 
cother efforts, which are creating 
microbial fuel cells (45) produc~ 
ing useful power levels. Com- 
plmenting these are development 
programs that have ereated dock= 
g systems that allow an AUV to 
‘connect to an underwater structure 
to establish power and communi- 
cation links (46, 47). Using a 
docking station, an AUV's deploy- 
rent would no longer be limited 
by the energy storage eaqacity of 
the vehicle 

AAs the proxhicivity of fickle 
systems improves, operational 
demands on science teams inerease dramatically 
‘motivating the development of software to facifitate 
interacting. with robotic exploration systems. Typ 
ically, researchers from geographically diverse 
institutions move to a common keeation, However, 
this is viable only when missions are short and 
science teams are small, In the case of MER, the 
planned 90-martian solar day (so!) duration of the 
surface exploration mission brought upwards of 
400 scientists and engincers from the United States 
and Europe to JPL. With the extension of MER, 
‘pow in its fourth year of operation, the missin is 
porated by $0 personnel at JPL, supported by a 
dstrituted science team (48), Thus the success of 
rmbotic expiration creates the need for collabora 
tive portals that allow distributed rescarch teams 10 
cffciently interpret data and collaborate on the 
development of new operational plans. An early 
example of such a collaborative infiastructure was 
the Collaborative Ocean Observatory Portal 
(COOP), designed for the Monterey Bay 2006 
field program (49). COOP leveraged data fiom a 
diverse array of observational assets and models to 
caeate synoptic views of oceanographic fells and 
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fluxes over an area of approximately 1000 kn? 
provided forums for the discussion of resus, 
provided direct acoess to dats and models, and 
included a highly successful framework for 
building consensus on planning remote asset 
deployments. In operation, the system relayed 
information trom platforms and sensors to shone 
in near realtime, where it coukl be assimilated into 
thre independent eccan models. The collaborative 
tools now emerging are lowering the barriers 10 
Participation in scientific exploration and will be 
key to the success of future observatories. 

Finally, as robots become more pervasive, 
‘emerging trends include the eeation of supporting 
fastructure and the increasing specialization of 
vidual robots, The benefits of this evolution are 
Visible in both deep space and! the acean. The MER 
vehicles now relay their information to Earth via 3 
series of Mary orbiters, which allows the MER 
platonns to transit’ more dita while simulta 
neously prserving enemy for science activities 
(50). The net result is the creation of a vakiabke 
nfastucture for communication, increasing the 
scientiticuilty of the MER mission. In the ocean, 
the benefits of using specialized platforms with 
complementary capabilities are integral wo the 
development of a distributed observing. system 
satch as AOSN, One of the largest initiatives under 
\way in the ocean sciences is the creation ofan 
infrastructure to distribute power and com- 
Inunications 10 the sea floor (57). These seafloor 
‘observatories will use combinations of moorings 
anid seafloor cables to distribute power to es in 
the deep ocean, Although the diverse approxchcs 10 
‘ocean observing have roots in diferent research 
‘communities and have developed diffoent tech- 
nologies, their complementary capabilities are 
likely to coalesce to enable a more comprehensive 
robotic presence in the ocean. In space and beneath 
the waves, we see a trend toward more specialized 
robots, with more efetive sensing capabilities 
resulting in more autonomy, accessible via collab 
‘oative portals through which researchers can 
‘engage with each other, the dita, and their robot 
surrogates. 


Conclusions 
Robots are gaining acceptance in both space and 
‘ocean exphoration, In the oceans, the noed to more 
comprehensively understand Earth's climate ant 
the great difficulty of making observations in 
the ocean's interior have ereated the need for 
penistent large-scale observing systems compre 


‘of heterogencous mixes of robots. In space, the 
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closely choreographed operation of robots by a 
large number of operators on Earth is slowly 
xziving way to a mode! in which humans super- 
Vise increasingly capable robots. In both domains, 
the need to carry out complex tasks at distances, 
With cither delayed or absent communications, 
precludes human control of every action. Full 
autonomy is becoming a necessity. Vehicles that 
seem like science fiction, capable of simple self 
repair and dealing with the complexities of the 
havardous environment around them, may well 
provide a more pemmanent and pervasive presence 
in the distant reaches of our planct’s oceans as 
Well asin the solar system in the coming devas. 
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PERSPECTIVE 


Learning in and from 
Brain-Based Devices 


Gerald M, Edetman, 


Biologically based mobile devices have been constructed that differ from robots based on 
artificial intelligence, These brain-based devices (BBDs) contain simulated brains that 
‘autonomously categorize signals from the environment without a priori instruction. Two such BBDs, 
Darwin Vil and Darwin X, are described here. Darwin Vit recognizes objects and links categories to 
behavior through instrumental conditioning. Darwin X puts together the “what,” “when,” and 
“where” from cues in the environment into an episodic memory that allows it to find a desired 
target. Although these BEDs are designed to provide insights into how the brain works, their 
principles may find uses in building hybrid machines. These machines would combine the learning 
ability of BBDs with explicitly programmed control systems. 


eqn made in deseribing how the separate 

components of the nervous system function, 
Less progress has been made in obtaining a 
‘global picture of higher brain funetions such as 
Jeaming and memory, This picture must take into 
‘account that the brain is embodied and that the 
body and brain act together in a real-world 
‘environment, Here, [briefly describe a synthetic 
approach to elucidating how integrated nervous 
systems operate by constructing. brain-bised 
devices (BBDs), These devices differ fundamen- 
tally fom robots that are controlled by builtin 
artificial intelligence consisting of explicit pro- 
‘grammed instructions (/). Instead, like real 
animals, BBDs must lean autonomously to 
‘categorize signals from the environment without 
4 priori instruction, 

BBDs are constructed according Wo a peo 
ccodure called synthetic neural modeling (2). In 
such an approach a detailed brain is simutated in 
48 computer and controls a mobile plattonm eon- 
taining a variety of sensors and motor elements. 
In modeling the propertics of real brains, efforts 
‘are made to simulate vertebrate neuronal compo 
hhents, neuroanatomy, and dynamics in detail (Fig. 
LA), Asa result of the exploration of a real world 
‘environment by a BBD, the BBD develops adapt- 
ive behavior through processes mimicking those 
underlying leaming in animals. fits close mimic~ 
ry of vertebrate neural systems the BBD approach 
stands in contrast to other more functionally ori- 
‘ented neurorobotic models 3). 

To bring out the differences. from pro- 
‘grammed robots, I shall describe the composition 
and behavior of two BBDs called Darwin. VIL 
and Darwin X. These devices are named after the 
great biologist Charles Darwin to emphasize the 
fact that their brains leam by selection from a 
repertoire of many different simulated neural 


I the last several decades, great progress has 
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cireuits and donot depend on explicitly pro- 
‘grammed instructions, 

Darwin VII (Fig. 1A) has a mobile base fited 
with a video camera for vision, a pair of 
microphones for audition (Contained in two 
plastic cups), and a gripper device that can grab 
steel blocks in its environment, cach painted with 
either stipes or blobs. The BBD’s brain consi 
‘ofa visual system, an auditory system, a “ast 
system in the gripper (which measures the 
‘conductance ofa gripped block), a motor system 
triggering movement, and a value 


‘The value system in the BBD’s brain signals 
the salience of environmental cues and keads to 
rewarding or aversive responses that enable the 
device's Keaming behavior to be adaptive. The 
simulated neurons underlying these systems ane 
Finked in cireuits modeled on known anatomy. 
The connections within these neural cireuits 
(synapses) can change in their strength after 
receiving sensory signals. The patterns of these 
changes are unique to cach individual BBD 
‘because they reflect that device's past behavior 
Darwin Vit's complete nervous system contains 
about 20,000 simulated neuronal units linked 
together by 450,000 synaptic connections [sce 
‘supporting online material (SOM)). As the BBD 
was exploring the environment, the complex 
responses of these units to signals from the 
environment were modeled in a lange computer 
cluster and were radioed to Darwin VII to direct 
motor activity. Consequent changes in the 
sensory inputs to the device were sent back 10 
the simulated brain in a dynamic fashion, 
allowing smooth movement in realtime (4). 

The basic modes of behavior of Darwin VIl 
consist of visual exploration and tracking, 
gripping and tasting, and two innate reflex 
responses: appetitive and aversive. Figure 1A 
shows Danwin VII approaching a stcel block with 
stripes (detected by the camera) that was 
arbitrarily constructed to have good taste (high 
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conductance). Gripping the block sent appetitive 
signals to the value system in the brain, Blocks 
containing blobs had low conductance (bad taste) 
and sent aversive signals 1 that system. 

Ina series of conditioning experiments, 
Darwin VI autonomously explored its envi- 
ronment and Jeamed to associate the taste value 
of the blocks with their visual patterns. Appeti- 
live and aversive responses were initially 
triggered by taste, but after about 10 encounters 
‘with a population containing both types of block, 
the BBD's responses were triggered by vision 
alone. More than 9% of the time, after training, 
the BBD continued to grip and taste striped 
blocks but actually backed away from blocks 
1B). 

This autonomous development of pattemed 
behavior by instrumental or operant conditioning 
requires sophisticated visual anatomy (see SOM 
for details), The inset of Fig. 1A shows the 
pattems of activity of four simulated areas as the 
BBD moves. The upper lett square illustrates a 
pratiem of activity in an early visual brain area 
that responds ina striped pattem to a striped 
block. The upper right square shows a. firing 
ptm of neuronal units in an integrative higher 
‘visual region corresponding to the inferotemparal 
area of the brain, an arca in animal brains that 
responds difrentially to different object cateo- 
fies, This particular pattern is dependent on the 
BBD’s history of encounters with striped blocks 
and thus is unigue to that history (an identical 
Darwin VIL with a different history would have 
its own characteristic but equally correlative 
patter), The colored areas in the lower right- 
hand square signal positive value responses as 
appetitive taste, even before gripping. Appetitive 
responses in brain circuits prompt motor action, 
resulting in approach and grabbing of the block. 
‘The lower left-hand square would signal aversive 
responses, but none were experienced in this 
sequence, If Danwin VII encountered the block 
‘with a blob pattem (sce block at bottom of main 
pane), aversive activity would be signaled in that 

‘Acritical feature of sucha BBD is that, after 
period of training and behavior, the activity ofall 
neuronal units, synapses, and circuits can be 
reconted and examined in detail, This cannot be 
achieved in experiments on living animals. As 1 
shall mention later, the pattems obisined from 
this type of exhaustive analysis can be of great 
‘value in analyzing brain function. To extend such 
analyses, experiments can be performed to 
examine experience-dependent changes in the 
BBD's perceptual categorization and learning. 
‘These changes have included learning followed 
by reversal leaming: ic., keaming alter switching 
appetitive and aversive correlations. 

Darwin VII's memory after leaming did not 
reflect sequences of events. Given this limitation, 
my colleagues and I asked whether we could 
‘mode! long-term episodic memory ina BBD. This 
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Fig. 1. (A) Darwin Vl approaching a striped block after training. The mobile 
device is equipped with a charge-coupled device camera for vision, micro 
phones for hearing, and a gripper capable of sensing levels of conductance for 
taste, (Inset) Patterns of activity of four simulated areas as the BBD moves. 
Upper lett, activity in an early visual brain area responding in a striped pattern 
to a striped block; upper right, firing pattern of neuronal units in. an 


memory of sequences of events in real ti 
known to depend! critically on a brain structure 
called the hippocampus, Patients whe have lesions 
‘of the hippocampus bilaterally can remember 
episodic events in their carly lives, but aller the 
‘occurence of the lesion can no long 
short-term memory into long-term episodic me 
‘ory, In rats, the hippocampus is also known to be 
essential for the suc 
allowing navigation 10 a goal in a remembered brain of a BBD: 
‘environment, One test of this capability is pro- was then teste is 
vided by the so-called Morris water maze. A rat is 
placed in a tank of milky water that has a hidden 


‘ EEG 


Hidden 
platform’ 


& 


convert quently locate the 


Cf the hippo 


floor and walls. E 


¢ is platform below the surface. 
traverse various paths until it locates the pl 
where it will then rest. Having seen various cues 
‘on the wall ofits surou 
the rat possesses episodic recall and ci 
iden pat 
being placed ayain in any pa 
ypus compromise this ability: 

We decided to model the hippocampus in the 
ed Darwin X (5). This device 
dry version of the maze (F 


2A). An enclosure was constructed with 
‘ach wall had differently colored 
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Stimulus encounter 


integrative higher visual region corresponding to the inferotemporal area of 
the brain; lower right, colored areas signal positive value responses as appet 
itive taste, even belore gripping: lower let, aversive responses (none in this 
sequence). See text for further details. (B) Percentage of correct responses 
(CRs) as a function of stimulus block encounters during learning trials for 
visual conditioning 


The animal will paper stips of vary 
Visual cues. Atone location we phiced a 
platform, The visual system of Darwin X could 
ings during its traverse, not detect the platform, but the BBD was 
suibse- equipped with an infiared (IR) detector that 
am directly upon would respond only when the device was directly 
cover the platform. ‘That detector’s signal then 
triggered a positive value response, This response 
is analogous to that of a rat in water maze 
sensing a solid platform under is feet. 
Darwin X was given the task of finding the 
hidden platform, and afier 8 10 10 traverses 
during which it detected different cues on the 


form, 


black 


z5 


3 
Fig. 2. (A) Schematic layout ofthe enclosure used forthe hidden-platform task. 
The enclosure measured 16 by 14 feet, with black walls and flooring. Pieces of 
differently colored paper of varying widths (to act as different cues) were hung 
on each of the walls. A hidden circular platform—28 inches in diameter and 
made of reflective black paper—was placed in the center of a quadrant in the 
enclosure, Each trial began in one of four starting locations (numbers 1 to 4 in 
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the diagram). (B) Behavioral performance in the hidden-platorm task indicated 
by trajectories of a subject during the training paradigm. Green circles denote 
the location of the platform during the training trials, red and blue squares 
denote the starting locations, and red and blue lines indicate trajectories during 
‘individual early and late trials. The late trials showed more or less direct paths, 
regardless ofthe starting point. [Adapted from (4)] 
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Hurricane Katrina’s Carbon Footprint 
on U.S. Gulf Coast Forests 


Jeffrey Q. Chambers,» Jeremy |. Fisher’? Hongcheng Zeng,” Elise L. Chapman, 


David B. Baker, George C. Hurtt? 


Jorests recovering from land us, the expat 
Fistor sei ani he 

cal processes produce a net terrestrial CO 
sink of =1 102 Pe C year" (/). The United States 
‘contributes an estimated 0.30 to 0.58 Pe C year" 
to this global sink, with 26 to 33% ly 
sequestered in forest trees (2). Changes in the 
strength and sign of this sink over the comin 
decades are difficult to predict, but as secondary 
forests mature the sink strength is likely to die 
minish (3). Another process that can diminish the 
temestrial carbon sink isan increase in disturbance 
frequency and intensity (4), which transfers bio- 
mass from five to dead respiring pools and sh 
the stem distribution toward smaller average tree 
andl lower biomass stocks (5). Here, we 
hurricane Katrina's carbon impact on 
Gull Coast forests by using 4 synthetic approach 
‘combining detailed fick! investigations, remote 
sensing image analyses, and empirically. based 
models for ronal 
To develop spatially explicit maps of hurricane 
est impacts, we used spectral mixture analysis 
(SMA) (6, 7)0n Landsat imagery to quantify per 
pixel factional abundance of green vegetation 
(GV), nonphotoxynthetic vegetation (NPV: woo, 


A B 


‘SPV 2003102006. 


“02 101 0A 


‘dead vegetation, and surface fitter, soil, and shade 
for seasonally matched Landsat S images captured 
before and after the storm. The fractional chang 
in NPV (ANPV) from 2003 to 2006 provided 
‘quintitative measure of the change in dead vege- 
tation associated with Katrina A subset for the 
Peadt River basin was stratified by ANPV to gen- 
disturbance classes, and forest inventory 
plots were randomly established across the entire 
ANPV distufance gradient (Fig. 1A), In each 
plot, tree mortality and damage, species composi- 
tion, and biomass loss were quantified. 

A strong comelation betwoen Landsat-derivad 
ANPVand fickbaneasured tre morality 
age (fig. SI) enabled develope: 
and damage maps ffom the Landsat imagery. Next, 
a sccond scaling function was generated by con 
paring Landsit- and MODIS derived ANPV. With 
the high temporal frequency and Lange spatial di 
mension of MODIS imagery the Landsat-MODIS 
sealing provided an assexsment of hurricane die 
turbance across the entire impact region (Fig. 1B). 
To camry out this scaling, we genkrated distribution 
functions for stem density and tree biomass from 
‘our forest inventory plots and adklitional U.S. For 
cst Servive data A Monte Carlo model was devel 


Fig. 1. (A) Pre- to posthurricane change in the NPV fraction (ANPV) on a Landsat 5 subset for the Pearl 


River basin (Louisiana-Mississippi state li 


) provided a quantitative measure of disturbance intensity. By 


using this map, we established forest inventory plots (white markers) across the disturbance gradient. 
Open black markers represent (top) moderately resistant, infrequently flooded, bottomland hardwood 
forest; (middle) minimaly resistant, frequently flooded, bottomland hardwood forest: and (bottom) highly 
resistant, flooded, cypress-tupelo swamp forest. (B) MODIS-derived ANPV from 2005~2006 provided 
regional estimates of tree mortality and biomass loss across the entire impact region. sotachs (white lines) 
represent tropical storm (TS), category 1 (HI), and category 2 (H2) wind fields (9). 
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«ped io estimate stem density. biomass distribution, 
‘mortality, and damage for all forested pixels in the 
MODIS scene (fig. $2) affected by Katrina, 
tically evaluated minimum and masimum values 
for key mode! parameters were used 0 estimate 
prdiction eror intervals (table $1), Nominal runs 
of the model predicted mortality and severe 
sructural damage to 320 million larg 
nt (DBID] trees (rang 
290 10 350) witha total biomass loss of 108 Tg C 
(1 Pg = 1000 Tg) (range fiom 92 t0 11 
amount equivalent 10 $0 to 140% of the net 
USS. carbon sink in forest tees (2) 

Methods for calculating the contribution of 
forest tes to the tomestrial carbon sink include 
summing tree reervitment and growth and sub 
tracting mortality (2), Although earbon in coarse 
woody debris (CWD) from tree metality and dam 
age is not immediately respined to the atmosphere, 
this CWD pulse langely represents committed fi 
ture COs emissions (5). Although subsequent forest 
recovery fiom disturbance can oft CO; emis- 
sions fiom decomposing CWD, a sustained in- 
crease in disturbance intensity or frequency (or 
both) will reduce forest tree carbon stocks. and 
ultimately cause ecosystems to act as a net COz 
source (8), Ifa warming climate causes mone x= 
treme events and greater stom intensity (4), eke 
vated forest twee mortality will incmase CWD 
Proxluction, resulting in higher ecosystem respira 
tion and a potentially important positive feedback 
With elevated atmospheric COs 


annual 
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‘ow many genes are mutated in a 
Hise Sone 

question woul! have seemed like 
science fiction just a dasa ago, However, 
as a result of advances in kchnokogy, We 
have been able to answer this question in 
breast ana colorectal cancers: There are ~80 
DNA mutations that alter amino acs in a 
typical caneet, Examining the overall 
dlistibution of these mutations in diferent 
cancers oF the Sime type Keds to a new 
View of cancer genome landscapes: They ae 
composed of a handfil of commonly 
mutated gene “mourns” but ane omi- 
natod by a much Langer number of iic- 
‘quently mutate ene “hills” 

‘The current study expands upon 
previous work (/) and inchides analysis 
(of the sequences of 20,887 transcripts 
from 18,191 human genes, including the 
great majority of those that encode 
proteins. The genes were sequenced in 
11 breast and 11 colorectal cancers. Any 
gene that was mutated in the tumor but 
not in normal tissu from the sane patient 
was analyzed in 24 additional tumors 
Selected ones were further analyzed in 
another 96 colorectal cancers to better 
define their mutation frequency and aid 
subsequent bioinformatic analyses 

Stitstical analyses suggested that ment 
Cf the “80 mutations in an individual tumor were fxumks and that <1 were 
likely to be responsible for chiving the initiation, progression, oF maintenance of 
the tumoe Though the numbers of mutant genes in breast andl colorectal canaces 
\Were similar, the particular genes that were mutsted were quite different, as were 
the type of mutations found. For example, mutations converting S-CpG to 
‘TpG were much more frequent in colorectal than in breast cancers ndicating 
ifferences in mutagen exposure or DNActepair processes, 

‘The mutational landscapes of cancers can be showin on a map on which each 
gene is represented at a sing point (9 figure for the landscape for colorectal 
cancers), The heights ofthe peaks reflect the mutation fraquency of each gene. A 
few one “mountains” are mutated in lange propertion of tumors most snes 
are mutated in <S% of tumors and are represented as “hills” in the fice In th 
lower panel, the mutited yenes in two colorectal tumors are incicated by dif 
ferently colored dots. The mutated zones i the two tumors overlap to cay a 
stra extent. These dflerences are likely to be the bass forthe wide variations in 


‘A two-dimensional map of genes mutated in colorectal cancers, in 
which a few gene “mountains” are mutated in a large proportion of 
tumors while most “his” are mutated infrequently. The mutations in 
‘wo individual tumors are indicated on the lower map. Note that 
‘mest mutations ae outside hills or mountains and may be harmless. 


tumor behavior and responsiveness. 10 
therapy. 

isteically, the focus of cancer rscarch 
has been on the gene mountains, in pat 
because they were the only aerations that 
‘could be identified with available technoky- 
ates, However, our data show thatthe vast 
Iajrity of mutations in cancers: do not 
‘oceur in such mountains. This new view of | 
‘caneer is consistent with the ik that 
‘number of mutations, cach associated witha 
sinall fines advantage, drive tumor pro- 
gression (2) It is the “hill” and not the 
“mountains” that dominate the cancer 
genome landsca 

‘Are these landscapes hopelessly com: 
plex? The lange number of "hills" actually 
reflects alterations in much smaller nun- 
ber of cell signaling pathways. Indecd, 
pathways rather than individual genes ay 
pear to govem the couse of tumorigenesis 
(3). Accordingly, we devised! methods 10 
‘casif mutant genes into commonly altered 
pathways. Disruption of a pathway: by 
© of its enctic compo 
rients wouk} presumably lead to similar 
chuanges in growth. The <1S diver muta 
tions in an individual tumor fikely reflect 
akcrations in a similar number of pathways 

Sequencing alone i l 
determine whether a specific pene “hill” 
actually contributes to tnor formation. We therefore used various bioinformatic 
and structural analysesto help determine which were pathogenic. Integration with, 
functional studics will aso be essential indood, several of the candidate cancer 
genes identified in our study have been independently implicated in 
tumorigenesis through functional studies report by others, 

In sum, our results make it clear that tis now “easy to identify the zenetic 
keratin in cancers on a genomeswide scale. tis mach more dificult 19 
‘cuca the precise role of these alterations in tumerigenesi. The compendium, 
fof genetic changes in individual tumors provides. new oppertunities for 
individualized diagnosis and tratment of cancer. Taking advantage of thse 
‘opportunitis is the major challenge forthe future 
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Human cancer is caused by the accumulation of mutations in oncogenes and tumor suppressor 
‘genes. To catalog the genetic changes that occur during tumorigenesis, we isolated DNA from 
11 breast and 11 colorectal tumors and determined the sequences of the genes in the 
Reference Sequence database in these samples. Based on analysis of exons representing 
20,857 transcripts from 18,191 genes, we conclude that the genomic landscapes of breast 
and colorectal cancers are composed of a handful of commonly mutated gene “mountains” 


and a much larger number of gene “! 


ls” that are mutated at low frequency. We describe 


statistical and bioinformatic tools that may help identify mutations with a role in 
tumorigenesis, These results have implications for understanding the nature and heterogeneity of 
human cancers and for using personal genomics for tumor diagnosis and therapy. 


iseovery of the genes mutated in human 
ancer has provided key insights into the 
mechanisms underlying tumorigenesis 
and has proven useful for the design of a new 
xzeneration of targeted approaches. for clinical 
intervention (2). With the determination of the 
human genome sequence and improvements in 
‘sequencing and bioinformatic technologies, sy 
tematic analyses of genctic alterations in human 
ceancers have become possible (2-4 
Using such targe-scale approaches, we re= 
cently studied the genomes of breast and eolorce- 
tal cancers by determining the sequence of the 
Consensus Coding Sequence (CCDS) genes, 3 
collection of the bestannotated protein-coding 
‘genes (5), In this Study, we have extended these 
analyses to include examination of all of the 
Reference Sequence (RefSeq) genes. The RefSeq 
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database is a comprehensive, nonredundant col- 
lection of annotated gene sequences that repre- 
sents a consolidation of gene information from all 
major gene databases (6). The RefSeq database is 
believed to include the great majority of human 
‘gene sequences and represents the gold standant 
in the fick! 

Sequencing strategy. The first step in our 
approach was the design of primers that woukl 
ppemnit polymerase chain reaction (PCR}-based 
amplification and analysis of coding exons in 
the RefSeq database. OF the 20.87 transcripts 
in the RefSeq database (representing 18,191 
distinct genes), 14,661 transcripts were included 
in the CCDS set. These CCDS genes were in 
‘general not evaluated again; the only exceptions 
\Were a small subset in which particular regions 
Of interest had been difficult to amplify and for 
these, new PCR primers were designed. For the 
remaining 6196 Refseq transcripts, 125,624 
primers were designed and used to amplify the 
coding exons. The entire list of primers used 10 
amplify the exons of the RetSeq genes (includ- 
ing the CCDS genes) is provided in table St 

The primers were used to PCR-amplify and 
sequence the DNA from 11 breast and 11 
colorectal cancers, as well as DNA from matched 
normal tissues of wo patients. The samples used 
for this analysis were the same as those used in 
the previous study of CCDS genes (5), The 
sequence data from this Discovery Screen were 
assembled and evaluated using stringent quality 
criteria (7), resulting in successful analysis of 
93% of targeted amplicons. We used bioinfo 
matic and experimental strategies to distinguish 
‘gemline variants and artifacts of PCR or se- 
‘quencing from true somatic mutations (fig. $1). 
(Genetic alterations found in the two nonmal sam- 
ples and those present in SNP databases were 
removed and sequence trices of the remaining 
‘potential alterations were visually inspected to 
remove false-positive calls in the automated anal- 
ysis. Affer these steps, the amplicons of the re- 
maining akerations were re-amplified from the 
tumor DNA (to ensure reproducibility) and from 
DNA of matched normal tissue (to remove un- 
annotated germline variants). Finally, the putative 
‘somatic mutations were examined “in silico” (by 
‘computer analysis) to ensure that the alterations 
did not occur as a result of mistangeted ampli- 
fication of related regions of the genome (7) 
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To farther evaluate the genes with somatic 
mutations in the Discovery Sereen, we deter 
mined their sequence in a Validation Screen of 24 
additional samples of the same tumor type in 
Which the mutation was originally identified. 
Methods similar to those noted above were used 
to exclude germline variants, PCR and sequene- 
ing anifiets, and alterations due 1 mistargeted 
amplification of related genomic regions. Ampli- 
cons with putative somatic mutations: were re- 
amplified in DNA from the tumor and. fiom 
matched normal tissues to determine whether the 
alterations were tly somatic 

Somatic mutations. Combining the data fiom 
the current analysis with those previously ob- 
tained in CCDS genes, we found that 1718 
genes (9.4% oF the 18,191 genes analyzed) hind 
at Kast one nonsilent mutation in either a breast 
‘or colorectal cancer (Table 1 and table $3). The 
‘great majority oF alterations were single-base 
substitutions (92.7%), with 81.9% resulting in 
missense changes, 65% resulting in stop eo 
dons, and 4.3% resulting in alterations of splice 
sites oF untranslated regions immediately aja 
‘cnt to the start and stop codons (Table 1), The 
remaining somatic mutations were insertions, 
deletions, or duplications (7.3%), The mutation 
spectum of colorectal cancers differed from that 
‘of breast cancers, and these spectra were similar 
to those observed in the previous CCDS stuy 
and in other analyses (4. 5). In this study, we 
analyzed the nature of the nonsynonymous 
mutations in more detail and found a very kange 
excess of C to T transitions at S-CpG-3" in co 
Jorectal cancers, representing 19 times as many 
as expected fiom the representation of S*CpG-3" 
sites in the coding regions of the genome. Sim- 
italy, there was a marked exoess af G to C trans 
Versions at S-GpA- sites in breast cancers, 
representing 4.5 times as many as expected (7), 

Passenger mutation rates. ‘The somatic 
nd in cancers are either “drivers” 
* (), Driver mutations are causally 
involved in the neoplastic process and are por 
itively selected for during tumorigenesis. Passen- 
{ger mutations provide no pasitive or negative 
selective advantage to the tumor bai are retained 
by chance during repeated rounds of cell di- 
vision and clonal expansion 

We used two independent methods t0 esti 
mate the passenger mutation rates in the analyzed 
cancers. First, we evaluated 23.8 Mb of chromo- 
some in 11 colorectal eancer samples similar to 
those used in the Discovery Sereen. This was 
performed with high-density oligonucleotide mi- 
croamys containing every possible single-base 
Pair substitution, The tumors used for this anal- 
ysis each had only one allele of chromosome 8 
[ic they showed loss of heterozygosity (LOH)]. 
rendering the detection of sequence alterations 
sensitive and reliable. A total of 131 somatic 
mutations were identified in 262 Mb of tumor 
DNA, and all but one of these were located in 


noncoding regions. Thus, there were a total of 


0.6 noncoxting mutations per Mb analyzed (95% 
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Table 1. Summary of somatic mutations. UTR, untranslated region. ND, not determined because synonymous mutations were not evaluated in the 


1110 


RefSeq genes analyzed in (5). 


‘Noncoding 
Coding changes 

changes Total 

tat 
Tumar type Screen Gene set MMBNE4 pissense Nonsense Insertion Deletion Duplication Synonymous SPC Ate = 
Discovery Misstudy 325 BT 14 ° 8 ° B Fa 364 

Colorectal Y allRetSeq 848722 48 4 2 ty ND 30 92 
cancers Vatigation TH Study 8B aL 9 1 2 2 30 6 21 
i AllRefSeq 183 197 34 4 4 5 ND ety 299 

Discovery This study 460308 26 2 28 a 21 u 506 

Breast All RefSeq 1137 909 64 5 7% 3 ND 53 1243 
cancers This study 62 52 3 ° 3 ° » 2 7 
Validation qu RefSeq 167153 un 2 Fay 2 ND 7 209 


confidence interval: 0.52 10 0.648 mutations Mb). 
Because only one copy of ehromesome 8 was 
analyzed in these studies, the noncoding. muta- 
tion rate per diploid genome was inferred to be 
1.2 mutationvMb. We then performed detailed 
LOU analyses of the 11 tumors use in the Dise 
covery Server using 317,508 polymomphismrs. An 
average of 14% of polymomhie alleles showed 
LOH. iis known fiom studs of human genetic 
Variation that the fiequney of nonsynonymous 
(amino acid changing) mutations is approximately 
hal that of mutations in noncoding regions 8, 9, 
‘Mfler comeeting for LOH and the diference in 
‘mutation aes between noncoding and nonsyen- 
ymous mutations, these analyses result in an 
‘estimated passenger mutation rate of 0.55 non- 
synonymous mutations per Mb of tumor DNA in 
colorectal eancers(7), We consider thisa minimum 
cstimate as the ratio of mutations in. noncoding 
regions to nonsynonymous mutations in coding 
regions i likely tobe higher in the germ line than 
in tumors bocause of greater negative selection for 
mutations in coding regions in the germ line 
Atthough we have not directly measured mutation 
Fales in noncoding sequences in breast cancers, 
Stephens ef al. have estimated that the rate of 
honsynonymous mutations in breast cancers is 
(033 per Mb, and we used this as our minimum 
cetimate for this tumor type (0). 

Estimates of the passenger mutation rates 
were also obtained through the quantification 
of synonymous (silent) missense mutations in 
this study. Because most synonymous changes 
are expected to be biologically inert and there- 
by not selected for or against during tumori- 
genesis, such changes can be used as a tool to 
estimate passenger mutation rates (//). The 
analysis of synonymous mutations provided two 
cstimaiss of the nonsynonymous mutation rate 
(7). One estimate was based on the ratio of non- 
synonymous to synonymous mutations observed 
in the human germ line (8, 9). The second ex 
timate was derived by calculating the expected 
ratio of nonsynonymous to synonymous changes 
afler accounting for codon usage of RefSeq 
{genes und the diflerent mutation spectra observed 
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in colorectal and breast cancers. We considered 
this estimate to be a maximum because it did not 
{ake into account that nonsynonymous mutations 
that retard cell growth will be selected against 
during tumorigenesis. 

Evaluating mutated genes, The mutational 
data obtained can be used to identify candidate 
cancer genes (CAN-genes) that are most likely 
to be drivers and are therefore most worthy of 
further investigation, In this study, we consid- 
ered a gone 10 be a CAN-gene if it harbored at 
Jeast one nonsynonymous mutation in both the 
Discovery and Validation Sereens and ifthe total 
number of mutations per nucketide sequenced 
exceeded a minimum threshold (7). Using the 
criteria, we identified a total of 280 CAN-genes, 
‘equally distributed betwoen colorectal and breast 
cancers (table S4, A and B. respectively), The 
280 CAN-genes listed in table S4, A and B, 
included most of the 191 CAN-genes identified 

Siblom et al (5) but differed by virtue of the 
inclusion of 114 new CAN-genes identified in 
the additional 6196 transcripts sequenced, the 
removal of data ffom a breast tumor with an ab 
nonmally high passenger mutation rate, the use 
‘of an experimental rather than statistical defini- 
thon of CAN-genes, and additional evaluation of 
‘mutations in samples that had undergone whol 
‘genome amplification (7) 

It is reasonable to assume that genes that 
are mutated more frequently than predicted by 
chance are more likely to be drivers. In this 
study, we used a more sophisticated version of a 
metric, called the cancer mutation prevalence 
(CaMP) score, to rank genes by the number and 
nature of the mutations observed (table S4, A 
‘and B). To assess the likelihood that cach of 
these genes is mutated at a frequency higher than 
the passenger mutation rate, we devised a meth- 
‘od based on Empirical Bayes simulations (7). 
‘Though the likelihoods depend on the passen- 
ger rates (able S4, A and B), the rankings of 
the genes by CaMP scores are similar regardless 
fof the assumed passenger mutation rates (rank 
correlations > 0.9). CaMP scores thereby pro- 
Vide priorities for future studies that are inde- 


pendent of many of the assumptions required to 
caleulate passenger probabilities, 

To determine the mutation prevalence of « 
subset of CAN-genes with more precision, we 
analyzed 40 CAN-genes in separate cohort of 
‘96 patients with colorectal cancers (7). The genes 
chosen were in biological pathways of interest 
10 our groups and included those ranked Ist 10 
119th by CaMP scores. Colorectal cancers, 
rather than breast tumors, were chosen because 
more purified tumor tissues of this type were 
available, Twenty-five of the 40 genes (62%) 
‘were found to be mutated in at east one of the 
96 cancers and, as predicted from our data and 
simulations, most were mutated in $% oF less of 
the cancers (table $5), The remaining 1S CAN- 
genes were not mutated in any of the additional 
9% cancer studied, but this finding is. still 
compatible with these genes being mutated in 
a low but significant fraction of tumors; the 
evaluation of more colorectal tumors than the 
131 included in our study would be necessary to 
exclude this possibility 

Additional analyses of mutated genes. Mu- 
tation frequency is not the only type of infor- 
mation that can help determine whether a 
‘mutated gene is worthy of further evaluation, 
‘The analyses of the predicted effects on protein 
function can add independent evidence helpfil 
for prioritization of specific genes and muta- 
tions for future research, For example, mutations 
producing stop codons, out-of-fiame insertions 
‘or deletions, or splice site abnormalities are very 
likely to interfere with the normal function of 
the gene product (lables S3 and S4), To evaluate 
missense changes we used two sequence-based 
methods for evaluating the probability that a 
specific alteration would have a deleterious ef 
fect on protein function: Sorting Intolerant from 
Tolerant (SIFT) and LogR.E-values based on 
Pfam domains (7), These probabilities ae listed 
for cach evaluable mutation identified in our 
study in table S3. For each C 
ber of missense mutations that were predicted 
to disrupt function in a statistically significant 
‘manner is included in table S4, 
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Fig. 1. Clustering of somatic 
‘mutations in protein struc- 
tures. Individual somatic mur 
tations were mapped onto 
structural homology models 
on the basis of known crystal 
structure information. Homok- 
‘ogy models were uit with 
[MODPIPE (33) and graphics 
‘were created with UCSF Chi- 
mera software (34). Yellow 
spheres indicate mutated res 
idves, (A) Two somatic muta- 
tions in the glycosylation 
enzyme GALNTS occur in 
residues on diflerent sides of 
the enzyme active site, Stick 
models indicate enzyme sub- 
strates, (B) Three somatic 
‘mutations in the transgluta- 
iminase TGM3 located at 
nearby surface regions of the 
protein (two mutations are 
present at the same residue 
‘mn the right-hand sie), 


bout the functional effects of 
Is be made at the structural 


I models for 6 


Predictions 


‘mutations a 
level, We generated structu 
the RefSeq gene mutations from x-ray crystal 
ography oF nuclear tie resonance spec 
troscopy of their encoded or related prote 
(2, 13), Some of the models were intriguing 
in that they showed clustering of mutations 


around active sites of proteins or near an interface 
residue (examples in Fig, 1). We also used LS- 
SNP software (14) to predict the likefihood that 
d destabilize the protein, 


each mutation wo 
mierfere with the form Jomain-<doenain 


and 


interface, or have 
binding (table $3, summarized for CAN 
in table S4), 

Finally, we identified a number of mutations 
that occured at locations identical to those of 
genes involved in hereditary human diseases or 
that clustered at adjacent locations in the cancers 
analyzed, Such alterations are likely to have fun 
tional effects on these proteins. These included 
the R360W mutation (substitution of anginine 
360 with tryptophan) in the RET tyrosine kinase, 
fo an identical loss-of-function 
gemnline change in Hirschsprung disease (J) 
Likewise, the RI624W mutation in the PKHDI 
1° in colorectal cancer is identical to that ob- 


aan eflect on protein 


correspondin 


served in polyeystic kidney disease, a syndrome 


that has neoplastic features (/6). The T74S5M 
‘mutation (substitution of threonine 745 with 
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methionine) in the cell adhesion gene CRBY gene 
is identical to one that has been shown to be 
‘cause of retinitis pigmentosa (17). In addition to 
these examples, we identified 126 m 
39 proteins that occurred withi 
other. In particular, mu 
ations in at Kkast two independent tumors 0° 
‘curred in the DTNB, EDD], GNAS, and TOMB 
nes at exactly the same residue, impli 
region as vital to the protcin’s potenta 
nic function, 

Analysis of mutated pathways. It is becor 
clear that pathways rather th 
nes govem the course of tumori- 


distance of 10 


amino acids from, 


individual 
genesis (J). Mutations in any of seve 


genes of 
ent 


a single pathway can thereby cause equi 
inereases in net cell proliferation. Accondingly 
we devised a method to determine whether the 
genes within specific pathways were mutated 
more often than predicted by chance. The re 
sultant “pathway CaMP” score incorporated the 
total number of mutations from all genes within 
ich group, the number of different 
tated, the combined sizes of the genes ir 
group, and the total number of tumors exam 
(table $6) (7). 

Using this metric, we analyzed a highly cu- 
rated database (Metacore, GeneGo, Inc.) that 


cludes human protein-protein interact 
al transduction and metabolic pathways, 
anda variety of cellular functions and processes 
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By including the number of mutated genes in 
addition to the total number of mutations as 
parameters, we excluded pathways that simply 
contained one gene that was mutated at high 
frequency (ez, pathways containing only TP53 
smutations). There were 108 pathways that were 
found to be preferentially mutated in breast 
tumors, Many of the pathways involved 
phosphatidylinositol 3-kinase (PI3K) signaling 
(Fig. 2 and table S6B), Mutations in PIK3CA 
we frequent in multiple tumor types, includ: 
ing breast cancers (/N-2/), In this study, we 
identified mutations not only in PIK3CA, but 
also previously unreported mutations in GAB/, 
IKBKB, IRS4, NFKBI, NFKBId, NFKBIE, 
PIK3RI, PIK3R4, and RPS6KA3, implicating 
both the PI3K pathway in general and nue 
factor «B (NF-xB) signaling in particular in 
breast tumorigenesis. Within the 38 colorectal 
‘cancer pathways that appeared to be mutated in 
Statistically significant manner, there were also 
many that centered on PISK (lable SOA), The 
pathway components mutated in colorectal 
cancers differed from those in breast, with 
mutations found in IRS2, 1RS4, PIK3RS, PRKCZ, 
PTEN, RHEB, and RPS6KBI in. addition to 
PIK3CA. Additional pathways altered in colonee 
tal cancer were wlated 1 cell adhesion, the 
eytoskeleton, and the extracellular matrix (table 
SOA), ng the idea that interactions 
between the cancer cell and the extracellular 


environment are important steps in the neoplastic 


process. 

Finally, there were nine examples of mutated 
genes whose protein products were predicted to 
imeract with other mutated genes more often 
than predicted by chance, The average number 
‘of mutant gene products with which these nine 
mutant genes interacted was 25 (table $6), These 
resuls illustrate the potential utility of pathway. 


nalyses and highlight a vanity of different 
roups and! pathways that can help focus 
further invest 

The genomic landscapes of colorectal and 
breast cancers. The colorectal and breast can- 
cers analyzed in the Discovery Sere 
in of 76 and 84 nonsilent mu 
s, respectively (able $2), The num- 


ions on these tumor types, 


RefSeq, 
ber of 1 
colorectal tumors (1 


tions in 


tations per tumor was similar among 


nging from 49 to 111) but 


in breast cancers (varying 
9 193), The number of mutated CAN 
pes per tumor averaged 15 and 14 in co- 
Jorectal and breast cancers, respectively 

The “landscapes” of typical colorectal and 
breast cancer genomes are depicted in Fig. 3. In 
these landscapes, every RefSeq gene is repre- 
sented by a point on a two-dimensional map 


comesponding to its chromosomal position, and 
all mutated genes in that tumor are indicated by 
a dot. The relief feature of the map is provided 
by the CAN-genes with the 60 highest CaMP 
scores (table $4). 
in geological features of varyin 
ome landscape consists of relief 


con elevations, 


the cancer 
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Fig. 2. PI3K pathway mutations in breast and colorectal cancers. The identities and relationships of 
{genes that function in PI3K signaling are indicated. Cicled genes have somatic mutations in colorectal 
(ed) and breast (blue) cancers. The number of tumors with somatic mutations in each mutated protein 
{s indicated by the number adjacent to the circle. Asterisks indicate proteins with mutated isoforms 
that may play similar roles in the cell. These include insulin receptor substrates IRS2 and IRS4; 
phosphatidylinostot 3-kinase regulatory subunits PIK3R1, PIK3R4, and PIK3RS; and NF-xB regulators, 


'NFKB1, NFKBIA, and NFKBIE, 


features: (inutated genes) with heterogencous 
heights (determined by CaMP scores). There 
4 few “mountains” representing individual 
genes mutated at high frequency. However, 
ndscapes contain a much larger number of 
“hills” representing the CAN-genes that ane 
rutated at relatively low frequency. It is notable 
that this general genomic landscape (few gene 
‘mountains and many gene hills) is a common 
feature of both breast and colorectal tumors. 
Discussion. The results reported here add to 
those published previously (5) in several important 
ist, we report the sequences of an 
168 genes in 22 tumors. These new 
fda much more complete picture of the 
‘cancer genome, allowing us to formulate land- 
scapes of breast and colorectal tumors (Fig. 3). We 
predict that the key features of this landscape —a 
few gene mountains interspersed with many 
‘zene hills—will prove to be a zeneral feature of 
most solid tumors, Second, we present data on 
noncoding and synonymous mutations in addi- 
tion to nonsynonymous mutations. As well as 
‘providing information useful for estimating the 
passenger rate, the data in table S2 show that 
[passenger rates vary considerably from tumor to 
tumor, undoubtedly determined by their intrinsic 
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mutability and the number of generations and 
‘bottlenecks through which they have evolved. 
Third, we present more sophisticated methods 
for identifying and classifying genes with more 
predicted by the passenger rate 
Fourth, we present a variety of tools 
‘based! on gene products’ sequence and structure, 
as well as clusion in certain pathways, 
that can help identify mutated genes that are 
most deserving of further attention (Figs. 1 and 
2 and tables $3, S4, and $6), These tools can be 
uised 0 prioritize the research that follows 
‘cancer geniome-sequencing efforts. 

In tems of such rescarch, itis important 10 
note that sequence data can inform other, inde- 
‘pendent approaches to the study of cancer genes. 
For example, chromodomain helicase DNA bind- 
ing domain 5 (CHDS) was recently proposed 10 
‘be a tumor suppressor on the basis of its func- 
tional properties and copy-number altcrations 
(22), We identified somatic mutations in this gene 
in breast tumors: the combined data strongly 
support a role for this gene in tumorigenesis 
Similarly, the NF-xB pathway member /KBKE 
was rovently stuggested to be a breast cancer 
‘oncogene on the basis of functional and expres- 
sion studies (23), We found somatic mutations 


in several additional components of this signal- 
ing pathway (Fig. 2) reinforcing its importance 
in breast cancers. The transglutaminase (TGM) 
nzymes have recently been implicated in in- 
vasicn and metastasis (24), and we identified 
‘multiple somatic mutations in 7GM3 in colorectal 
cancers (Fig. 1), Adkitionally, a high-throughput 
‘Rtroviral insertional mutagenesis screen in mouse 
‘mammary tumor virus (MMTV)-induced mam- 
‘mary tumors in mice identified 33 common 
insertion sites as potential oncogenes (25); we 
found 7 of these 33 genes to be mutated in breast 
cancers. Given the entirely independent nature 
(of these sereens (insertional mutagenesis in mouse 
‘versus mutational analysis of human genes), the 
overlap of these results is remarkable, 

Historically, the focus of eancer research has 
been on gene mountains, in part because they 
Were the only alterations identifiable with 
availible technologies. The ability to analyze 
the sequence of virally all protein-encoxting 
genes in cancers has shown that the vast majirity 
‘of mutations in cancers, including those that are 
nos likely to be drivers, do not occur in such 
‘mountains and emphasize the heterogeneity and 
complexity of human neoplasia, This new view 
‘of cancer is consistent with the idea that a large 
number of mutations, each associated with a 
small fitness advantage, drive tumor progress 
26), But is it possible to make sense out of this 
complexity? When all the mutations that occur 
in different tumors are summed, the number of 
potential driver genes is large, But this is likely 
to actually reflect changes in a much more lim 
ited number of pathways, numbering no more 
than 20 (1), This intenpretation is consistent with 
virally all screens in model organisms, which 
have generally shown that the same phenotype 
can arise fiom alterations in any of sever 
genes. Other recent studies lend support to this 
interpretation. For example, sequencing studies 
of the kinome in lange numbers of tumors have 
shown that specific kinases are sometimes 
‘mutated in a small fraction of tumors of a given 
type (4, 10, 27-29), We cannot be certain that 
the bulk of the lowslrequeney mutations. ob- 
served in our study are not passengers, However, 
Kinome studies, the postion of mutations 
\within the activation loop and the demonstrated 
clfocts of the tinget residues on kinase function 
‘unambiguously implicate many of these rare 
mutations as drivers, Similarly, recent analyses 
of myclomas suggest that there are multiple 
genes, cach mutated in a small proportion of 
tumors, that can alter the same signal transduction 
(30, 31), Furthermore, some of the lw 
fiequency mutations observed in our study, such 
as activating mutations in the guanine nucleotide 
binding protein GNAS and a homozygous non- 
sense mutation in BRCAL-asociated protein 
(BAPH), are likely to be functional (table $3) 
‘Those examples. in addition to those in table S6, 
bolster the angument that infrequent mutations ean 
be drivers and that they fiction through path= 
‘ways that are already Known. 
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Fig, 3. Cancer genome 
landscapes. Nonsilent so- 

matic mutations are plotted 
jn two-dimensional. space 
representing chromosomal 
positions of RefSeq genes. 
The telomere of the short 
arm of chromosome 1 is 
represented in the rear left 
‘comer of the green plane 
‘and ascending chromosomal 
positions continue in. the 
direction of the arrow. Chro- 
‘mosomal positions that fol 
low the front edge of the 


plane are continued at the back edge of the plane of the adjacent row, and 
chromosomes are appended end to end, Peaks indicate the 60 highest-ranking 
‘CAN-genes foreach tumor type, with peak heights reflecting CaMP scores 7). The 
dots represent genes that were somaticaly mutated in the individual colorectal 
(x38) (A) or breast tumor (B30) (B) displayed. The dots corresponding to 


Regardless of whether this pathway-centric 
terpretation is correct, iti clear that the “easy” 
part of future cancer genome rescarch will be 
the identification of yenetic alterations, The vast 
majority of subtle mutations in individual pu 
tient’s tumors can now be identified with exist 
ing technology (Fig. 3), making personal cancer 
genomics a reality. Though understanding the 
precise role of these genetic alterations in 
tumorigenesis will be more challenging, oppor 
tunities for exploiting such personal genomic 
data on cancers are already apparent. For ex- 
my of the genes altered in brea 
NF-&B pathway (table 
targeting this pathway 
jus in breast cancers with such 


6), suggesting that dr 
could be effi 
mutations (30, 31), Furthermore, our data indi- 


4d alvering 


I calb, providing 


that 
\Wweah of opportunities for penonalizad i 


ae absent in 


il cancer, Whether driver oF passenger, 
‘ean be used as an exquisitely specific biomarker to 
suide patient management (32) 
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AUTHORS’ SUMMARY 


interfaces between two different semiconductors. For example, a 
transistor is commonly formed from the electronic interactions at 

such an interfice, and its electrical conductivity can be controlled very ef 

fectively by application of an external voltage to its gate electrode. Optimizing 

the operation of tansistorsand ether microckscronie devices requires knowlodge 

Cf the electronic sates near semiconductor interfaces, ant many details 

have been revealed over the past half-century. Key to recent developments 

has been the ability 10 create high-quality atomically abnuptinterices 

between different materials, including: complex oxides with intieate or 

lange unit cells. fn bulk these oxides show rich and varied electronic and 

magnetic propentis preuced by strong interactions among the electrons 

(D. Combining thee materials along an interfice can produce new 

{quantum states and the opportunity to uncover unexpected pioneers 

We outline eps toward visualizing and resolving the detailed behavior of 

‘ekctions in specific orbitals at the interfiee between two complex mate 

rials, Westulicd two materials exhibiting propertics not known in ordinary 

semicondhictrs  feromagnetic mangansse oxide and a superconducting 

‘copper ovide, The ability 19 manipulate electrons and their behave at 

inefices may open a path toward a new generation of electronic devices. 

The first step along this path the preparation of chemically p 
‘slomically shar interfaces, A sharp interface is needa both o accurately 
study anx! to constrain electronic interactions to the interface. We used 
pulked laser deposition, in which a kiser vaporizes bulk sampkes in a 
vacuum containing some background oxygen. A series of thin, uniform 
oxide layers i saqucntally deposited ingle crystal Romi 
superlattice with shar interfaces. Stay of simi structures during the post 
few years fats fo demonstrations of high-mobilty electron systems (2) 
ana transistor effects (3) at oxide interfaces. 

‘Understanding the electronic mechanisms responsible for these effects 
requires the ability to study the behavior of electrons at the interfices, 
\Which are typically buried several nanometers below the surface, without 
imerference from bulk electrons in each layer of the superatice. To meet 
this goal, we rely on the propetics of x-rays with tunable enemy and 


Mi mieroelcetroncs ees toa large dae on the properties of 


clic ditiiiianinnatcymiion | 
this orbital pattem Our data indicate that electrons at the interface occupy & | 
‘combination of orbitals tht differs drastically fom that of the bulk With the aid 
‘of numerical calculations cn small atomic chasers, we trae this “eit recon 
struction” atthe inkrfice to the fommtice of sreng covalent bends between 
copper andl manganese atoms acs the inca: 


pobtrzation emit fiom a synchrotron, which penetrate deeply into mast 
materials, The x-ray photon enemy wats tuned 19 200m in on copper and 
manganese atoms right at the interic, and the absorption of x-rays with, 


polarization parallel and perpendicular tothe interfice was used to extract 
information about the shape of the valence-cketon clouds (ic, “orbials) 
around these alos (se the figure) 

In analogy to atoms in fice space, the electors in metal oxides have the 
choice of several types of enorwetically nearly equivalent (ar degenerate) 
‘elton orbitals. The specific way in which this freedom is broken strongly 
nflucneces the interctions between the electrons and hence the physical 
propartics of bulk tration metal oxkks. For instance, allemating eccupstion 
‘of diffrent orbitals on neihboring ltice sites favors feromagnetism, whereas 
Uniform occupation of orbits on all kitce sites tends 49 generake antifero- 
magnetism (7). Early investigations with x-rays had established that the aang 
ment of valeneeclection orbitals on copper atoms in bulk copper-anide 
superconductors i particulsrly robust, so tht there is essentially no degen, 


Schematic showing the interface between two metal oxide compounds being 
illuminated by x-rays from a synchrotron, yielding detailed information about the 
shape, and thus occupation and degeneracy, of electronic orbitals near the interface. 


‘between metal oxides should allow synthesis of materials in which the bonding 
acmoss oxide interfaces can be manipalsted in a predictable fashion. These 
methods then will offer a tremendous opportunity to create dense two- 
dimensional electron systems with controlled interactions. Its conceivable that 
such a system will exhibit propertics qualitatively beyond those attainable in 
‘semiconductor belerstuctures and that engineers will be able to exploit these 
[Properties in imovative electronic devices. 


Summary References 
1 ¥. Tokura, M. Magaoa, Science 288, 62 (2000) 
2. A Obtama, H ¥. Hwang, Nowe 427, 423 (2008), 
3S. Thiel tol, Science 333, 1942 (2008), 


Big se darts toe dances lap oly ns ee | 


16 NOVEMBER 2007 VOL 318 


SCIENCE wwwsciencemag.org 


FULL-LENGTH ARTICLE 


Orbital reconstructions and covalent bonding must be considered as important factors in the 
rational design of oxide heterostructures with engineered physical properties. We have 
investigated the interface between high-temperature superconducting (Y,Ca)Ba,Cu30, and 
metallic Lag 49Caq.39MnO, by resonant x-ray spectroscopy. A charge of about ~0.2 electron is 
transferred from An to Cu ions across the interface and induces a major reconstruction of the 
orbital occupation and orbital symmetry in the interfacial CuO, layers. In particular, the Cu ds. 
orbital, which is fully occupied and electronically inactive in the bulk, is partially occupied at 
the interface. Supported by exact-diagonalization calculations, these data indicate the 
formation of a strong chemical bond between Cu and Mn atoms across the interface. Orbital 
reconstructions and associated covalent bonding are thus important factors in determining the 


physical properties of oxide heterostructures. 


semiconductor heterostructures, high 
[nis sion san ht 

have ed to prominent advances in science 
and technology over the past decades. Such sys- 
tems have recently been replicated in hetero 
structures of complex transition metal oxides (7), 
Jeading to the observation of transistor effects (2) 
and the quantum Hall effect (3), Because transi- 
tion metal oxides exhibit a notably rich phase be- 
havior in the bulk (4), these developments have 
raised expectations that quantum states. with 
properties and functionalities qualitatively be- 
yond those attainable in semiconductors can be 
ionerated at oxide interfaces. 

The large variety of phases (often with radi- 
cally i physical properties) in transition 
metal oxides is due to the delicate sensitivity of 
the charge transfer and magnetic interaction be= 
‘oven metal ions to the occupation of d orbitals 
(5). Which linear combination of the five possi- 
bbe d orbitals is occupied on a given transition 
intl site depend, in tum, on parameters such as 
«lectton density, ligand positions, magnetic order, 
and chemical bonding, which are generally dif- 
ferent at the interface than in the bulk, Despite its 
Pivotal role in determining the phase behavior 
and physical properties of oxides, almost no ex- 
perimental information is available about the 
‘occupation of orbitals at oxide interfaces, and 
theoretical work (6-11) has thus far hardly 
addressed this issue, We report the results of soft 
Scray absorption spectroscopy (XAS) and soft 
linear dichroism (XLD) experiments on 
heterostructures of copper and manganese ovis 
tailored 1 probe the electronic structure and or- 
bital vecupation at the interface. The cuprate- 
Imanganate interfice is well suited as a model 
system for this purpose, because nearly strane 
atomically sharp heterostructures can be syn- 
thesized (/2-4) and because the electronic 
properties of both materials have been studied 
‘extensively in the bulk, 
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Probing heterostructure interfaces. The ex- 
periments were performed at the 4-ID-C beam 
Tine at the Advanced Photon Source on epitaxial 
Urilayers and superlattices ofthe high-temperature 
superconductor (¥.Ca)Ba;CusOy (YBCO) in 
‘e-axis orientation, combined with ferromagnetic 
metallic Lay 


ization methods (15). In order to dis 
electronic structure at the interface from surface 
and bullk contributions, we have performed a sys- 
tomatic series of experiments on heterostructures 
With different capping layers, taking advantage of 
the ekment specificity and shallow probing depth 
‘of resonant XAS and XLD in the total electron 
yiekd (TEY) mode (Fig. 1), For instance, the 


‘occupation of Cu d orbitals on the YBCO side of 


the interface was studied on heterostructures with 
LOMO capping layers, 0 that no surface Cu is 
present. Ifthe photon enengy is tuned to the Cu L 
absomption edge, the capping layer does not in- 
fluence the detected signal apart from an overall 
attenuation factor, As a result of the low electron 
«escape depth (a few nanometers), the TEY signal 
is dominated by the CuOs layers immediately 
adjacent to the first interface: contributions from 
deeper layers are exponentially reduced. The in- 


Fig. 1.(A)Schematicol A 

‘the experimental setup 

used to obtain the xas "000° 
‘and XUD data in TEY and 
FY modes. Data sensitive 
to interfacial Cu (iin) 
atoms were taken in 
TEY mode with photon 
energies near the Cu 
(in) L absorption edge, 
fon samples with LCMO 
(YBCO) capping layers. 
To obtain a sizable di- 
chroism, we tilted the 
film plane with respect 
to the photon beam 
propagation direction. C 
indicates the caxis of 
the film: H isthe applied 
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terface sensitivity is futher enhanced with the 
use of a low angle of incidence for the x-ray 
beam (11.2°). The comene procedure was used 
to probe the electronic structure of MnO> layers 
on the LCMO side of the interface. Control e 
periments in the bulk-sensitive fluorescence- 
yield (FY) mode were simultaneously. carried 
‘out in both cases, 

Spectroscopy at the interface, Figure 
shows normalizal absorption spectra near the 
Cu Ly edge in bulk- and interfice-sensitive 
modes. The bulk-sensitive FY dats are in ¢ 
chen agreement with previous NAS data atthe 
Cu L edge of neatly optimally doped YBCO 
(16). The main naow absorption peak around 

to the inta-ionie transition 
". The shoulder on the 
hhand side ofthe peak is atibuted to the intersite 
transition 2p°30°L—+ 27d! where J denotes 
athole on the oxygen ligand, The Tine shape of 
the main absorption peak is & signature of the 
“Zhang-Rive singkt” (17), a bound state of 
charge carricrs on oxygen and copper sites that 
ops the Cu plane site in the nominal valenee 
state 2" as the hole density in the CuO sheets is 
tuned by doping. The pokrization dependence of | 
the FY signal also contains important infor 
tion about the electronic structure near the Femi 
level of YBCO. In particular, the absorption for 
‘Photon polarization parallel to the CuO2 sheets 
sreally exceeds that for polarization along the ¢ 
axis. This implies that holes in the conduction 
brand of YBCO predominantly occupy the planar 
Cu dey onbital, which hybridizes strongly with 
‘oxygen p orbitals in the CuO; layers. Simi 
‘observations have boon made in all other high= 
temperature superconductors investigated thus far, 
and together they have become ane of the tusic 
tenets of our cument understanding of this chs of 
materials (16, 18) 

Evidence for orbital reconstruction and charge 
transfer, The interface-sensitive data shown 
Fig. 2 are very different. One frst notices that 


‘magnetic field; h and v denote the linear polarization state of the incident x-ray. (B) Atomic positions near 
the LCMO-YBCO interface (24, 29). The MnCuOso cluster used for the exact-diagonalization calculations is 


highlighted. 
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the interfacial absorption peak is shifted wo 
lower enenzy with respect tothe bulk by ~0.4 eV 
and that the high-energy shoulder is no longer 
‘present. The shift of the peak is evidence of a 
‘change in valence state of Cu ions near the inter- 
face. This indicates that charge is transferned 
‘across the interface and that a charged double 
layer is formed, as generally expected for hetero 
structures of materials with different work func- 
tions. In agreement with specific predictions for 
the system at hand (//), the charge-transfer di- 
rection is such that the hole density in YBCO is 
reduced at the interface. Because of the strong 
influence of the cone hole created by absorbing 
the photon, the relationship between the x-ray 
absorption edge and the Cu valence is not 
straightforward, but a comparison to XAS spectra 
of reference materials containing Cu'* and Cu?” 
ions [for a review, see (/9)] yiekls a rough esti 
imate of 0.2e (where ¢ in the charge on the elec- 
tron) per copper jon for the ehange-transfer 
‘amplitude, At fist sight, this seems to correspond 
With the line shape of the interfacial absomption 
Peak, which bears a strong resemblance to XAS 
data in undoped YBCO (/6), Notably, however, 
humerous XAS experiments on YBCO and other 
bulk hok-doped high-temperature superconduc 
tors have shown that the position of the Cu 
L-absomption peak is independent of doping, This 
hasbeen attributed tothe Zhang-Rive singlet site 
and, consequently, the doped holes have predom- 
inantly oxygen character (17). The observed 
shift of the Ly absomption peak in our interfice- 
sensitive experiment thus cannot be attrib! 19 a 
realjustment of the hoke density alone ang indicates 
‘an extreme modification ofthe electron structure 
‘of the Cus layer adjacent wo the interface, 


Fig. 2, Normalized x-ray absorption spectra 
at the Cu Ly absorption edge, taken in bulk- 
sensitive (FY, top panel) and interface 
sensitive (TEY, bottom panel) detection 
modes with varying photon polarization as 
indicated in the legend. a.,, arbitrary units, 


Fig. 3. Normalized ray absorption spectra 
at the Mn Lz and Ls absorption edges, taken 
‘in bulk-sensitive (FY, top panel) and 
interface-sensitive (TEY, bottom pane) 
detection modes with varying photon 
polarization as indicated in the legend. 
The line shape of the FY spectra is distorted 
by self-absorption effets, 


16 NOVEMBER 2007 VOL318 SCIENCE 


In oder to uncover the origin of the un- 
expected shift of the absomtion peak and to 
‘obiain further information about the electronic 
states at the interface, we have varied the photon 
polarization in the interface-sensitive detection 
mode (Fig, 2), In marked contrast t0 the bulk- 
sensitive data, the strengths of the absorption 
signals for polarization perpendicular and paralle! 
to the layers are almost equal. This is a mani- 
festation of an “orbital reconstruction.” Whereas 
the boles are constrained to the Cu dys: orbital 
in the bulk, at least some of them occupy the 
dyg.¢ orbitals atthe interface, The distribution of 
holes overthie two Cu orbitals cannot be precisely 
determined, because the XLD experiment probes 
not only the CuOs layer directly at the interface 
‘but also the deeper layers (albeit with exponen- 
{tially reduced sensitivity). However, the nearly 
isotropic cross section shown in Fig. 2 implies 
that the hole content ofthe Cu dss orbital is at 
Teast equal to that of the dy:.y: orbital, We re- 
peated the measurement at several temperatures 
(from 300 10 30 K) and confirmed that the peak 
position and polarization dependence do not de 
‘pend on temperature, Similar observations were 
also made on heterostructures. in which the 
doping level of YBCO was raised into the over- 
doped regime by Ca substitution. The orbital re- 
construction and the change transfer are hence 
general, robust characteristics of the YBCO- 
LCMO interface. 

Before discussing possible mechanisms and 
‘potential implications of the orbital reconstruc- 
tion, we briefly discuss XAS spectra near the Mn 
Ly and Ly absomption edges taken in bulk- and 
interface-sensitive modes (Fig. 3). The bulk- 
sensitive data are again in good agreement with 


co 30 
Photon Energy (eV) 


comesponding data in the literature, The spectra 
are much broader than these taken near the Cu L 
cdge, because all of the five Mn d orbitals are 
partially occupied, giving rise 10 a complicated 
muiplet splitting of the absorption peak. The 
peak intensity is independent of photon polariza- 
tion within the experimental enor This finding 
has been taken as evidence of an orbitlly dis- 
ordered state with equal occupation of Mn de-,2 
and dys-,2 ombitals in bulk metallic LCMO. In 
the interface-sensitive detcetion mode, neither the 
‘ak position nor its polarization dependen 
noticcably different from the bulk data, This d 
ot imply, however, that the Mn ions mainta 
their bulk change density and electronic structure 
at the imerface. Indeed, as a result of charge 
conservation, one generally expects a shiftin Mn 
valence matching that of the interfacial Cu ions 
(Fig. 2), but because of the strong multiplet 
‘broadening of the Mn peak, such a shift is much 
harder to recognize than in the case of Cu (20), 
Based on the data of Fig. 3, one can set an upper 
bound of 0.4 cV on the difference between the 
Positions of Mn L absorption edges in butk- and 
imterface-sensitive detection modes, Because a 
valence change from Mn™* to Mn” results in a 
shifl of the L edge of =1,5 eV, this translates into 
an upper bound of ~0.3e per Mn atom on the 
amplitude of the charge transfer across. the 
inerface, which is consistent with the estimated 
amplitude of ~0.2¢ based on the Cu XAS spectra 
discussed above. Likewise, because the polariza- 
tion dependence of the intensity atthe Mn L edge 
is influenced to a large extent by the completely 
‘unoccupied minority ig and ey orbitals, i is i 
ficult wo see a rearrangement of the majority 2 
and dys orbitals comparable to that observed 
on Cu 

Mechanism of orbital reconstruction. Our 
data therefore imply that the imerfacial Cady. 
cotta, which are fly occupied in bulk YBCO, 
are partially populated by holes atthe interface. 
In principle, two distinct physical mechanisms 
could Kend to such an orbital reconstruction, First 
it is possible that the different erystabfield 
environment of Cu ions at the interface could 
rise the energy of the dy.2 orbital above that 
‘of the dss orbital. Because the ligand positions 
at the interfice are not precisely known, this 
scenario cannot be fimmly niled out, but it is 
highly unlikely because of the lange energy dl 
ference between Cu dye and dg derived 
‘bands in balk YBCO. A reversal ofthis hierarchy 
‘would require a substantially shorter distance 
between the copper and apical oxygen O(2) ions 
as compared with the in-plane Cu-O bond length, 
‘which is unrealistic. Furthermore, the major di 
ference between the bulk and interface erystal- 
field environments i the substitution of Cu-ehain 
ions (with valence close to 2+ in bulk YBCO) by 
‘Mn ions (with valence ~3.3+ in bulk: LCMO). 
‘The higher ligand charge should lowerthe energy 
of the dys-2 orbital and further increase the 
nergy diflerence with the dz level. A- major 
rearrangement of the orbital level scheme due 10 


wewwsciencemag.org 


readjustments of ligand positions is therefore im- 
plausible, The second scenario is based on the 
‘observation that the Cu dys, orbital points 
irvetly toward the interface and can hybridize 
effectively with the Mn dyz,: orbital via the 
apical oxygen ion (O12) in Fig. 1B}, generating a 
‘covalent chemical bond bridging the interface. In 
this scenario, covalency results in the formation 
Of extended “molecular orbitals” consisting of 
atomic Cu and Mn dys.,2 orbitals with an 
admixture of the p, orbitals onthe apical oxygen 
{insets in Fig. 4). 

Covalent bonding at the 
chock whether the eovalent-bondi 
Viable, we performed exact-liagonalization cal 
culations of the MntCuOyo cluster shown in Fig 
1B, including a single hole and the fall set of Cu 
 osbitals and interaction parameters described in 
the fiterature (/5, 20), Because the Ma ds-y2 
‘orbital does not hybridize with Cu, the Mn ion is 
represented by a single dj.,2 orbital with a 
classical Hund’s rule coupling 40 the core tay 
spins. In order to simulate the difference in 
YBCO and LCMO work functions, we tuned the 
‘onsite energy of the hole on Mn, Figure 4 shows 
the hole density in the Cu d shell (measured from 
the full-shell configuration 3d") as a function of 
this parameter. For large values, the hole resides 
‘completely on the Cu ion, and the ionie vakencies 
close to their bulk values (ic, Cu is in the 
formal vance state 2, and the Mn valence is 3°). 
The formal Cu? valence state, realized at high 
Mn hole on-site energy, comesponds to ~ 0.76 
holes in the Cu d shell, which reside in the Cu 
dds orbital. The remaining hole density is in 
the insplane oxygen p orbitals (OG) in Fig. 1B}, 
Which hybridize strongly with Cude-,s. The plot 
also shows that the charge transfer across the 
imerface leads to @ major rearrangement of the 
clectron distribution in the Cu ey orbital mani- 
fold, Indeed, when the transfer is complete, the 
Cu deg orbital is completely full, and holes 
partially occupy the ds..2 orbital, This indicates 
that the Mn and Cu dy3.,2 orbitals are indeed 
strongly hybridized and that molecular orbitals 


Fig. 4. Occupancy of Cu d of- 
bitals atthe LCMO-YBCO inter- 


are formed. The charge-transfer transition occurs 
when the antibonding molecular orbital crosses 
the Cu ds-= level, as shown in the insets. The 
change in hole density on Cu inducad by the 
charge-transfer transition is another signature of 
the formation of a covalent bond: Figure 4 shows, 
‘that only about half of the hole change ends up on. 
Cus the remaining hole charge is distributed over 
the Mn- and O(2}derived components of the 
molecular orbital 

The cluster calculation demonstrates that the 
formation of a strong covalent bond between Cu 
and Mn ions at the interface is indeed realistic. 
Partial occupancy of the corresponding antibond- 
ing molecular orbital qualitatively explains the 
modification of the XLD spectra atthe interface. 
The filling factor of this orbital is expected to 
match that of the Mn ds.:.,° ombita, which is 
about one-third in bull LOMO, According wo the 
calculation, a substantial fraction of the charge 
‘density in the hybrid orbital resides on Cu, which 
is in good agreement with the experimentally 
‘observed shift of the Cu valence. Because holes 
in this orbital are not subject to Zhang-Rice 
singlet formation, the shift of the Cu XAS peak at 
the interface is also explained. Also, the Cu-Mn 
‘orbital hybridization naturally results in a strong 
antiferromagnetic exchange coupling (/5), as 
recently observed at LCMO-YBCO interfaces 
3. 

Needless to say, the cluster calculations have 
some limitations. In panticular, the energy levels 
inthe cluster are sharp, and the Cu-Mn molecular 
orbitals are nearly onogonal to Cu dy y25 bo 
cause mixing is only duc 1 weak spin-orbit 
coupling effects. The charge-transfer transition 
shown in Fig. 4 is therefore abrupt. In an ex- 
tended system, the energy levels are broadened 
fimo bards, and the two band’s near the Fermi 
Jevel can be partially mixed. The charge carriers 
aterfacial Cu ions are thus generally expected 
to have mixed dys.y2 and dye character, as 
experimentally observed. More claborate aby 
initio calculations are required to obtain a 
‘quantitative description of the band dispersions 


face as a function of Mn hole 
‘onsite energy, as predicted by 
the exact-diagonalization caleu- 
lations described inthe text. The 
‘occupancy is given by the total 
number of holes, measured 
from the fullshell (34%) etec- 
tron configuration. The core- 
sponding formal Cu. valence 
states are indicated for clarity. 
‘The insets show the orbital level 
scheme at the interface, includ 
ing extended bonding (B) and 
antibonding (AB) “molecular 
orbitals” formed by hybridized 


Number of holes on Cu 


Cu and Mtn dq orbitals. The a 
hole is indicated as the green Cy 
circle. 
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atthe interface, However, given the complexity 
ofthe unit cells and the broken translational sym- 
‘metry at the interface, this presents a formidable 
challenge to curent computational capabilities. 

Concluding remarks. Our experiments show 
that the electronic structure of the CuO layer is 
‘modified by covalent bonds across the imerface. 
‘These results suggest that the orbital rearrange- 
‘ment and strong hybridization are at least parial- 
ly responsible for the unusual magnetic behavior 
previously observed at cuprate-manganate inter- 
faces (22, 23) and contribute to the suppression 
of superconductivity near the interface (73), Fur- 
ther, the valence electrons of a lange variety of 
transition metal oxides, whose properties in het- 
rojunctions have been extensively investigated 
[including manganates (24), titaales (25), van 
dates (26), ruthenates (27), and fervites (28)}, te 
side in nearly degenerate of orbitals and ane Nene 
subject to hybridization at interfaces, 
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Generation and Photonic 
Guidance of Multi-Octave 
Optical-Frequency Combs 


F. Couny,? F, Bena 


2 p, }. Roberts,” P, S. Light,” M. G. Raymer? 


Ultrabroad coherent comb-like optical spectra spanning several octaves are a chief ingredient in 
the emerging field of attoscience. We demonstrate generation and guidance of a three-octave 


spectral comb, spanning wavelengths from 325 to 2300 nanometers, 


a hydrogen-filled 


hollow-core photonic crystal fiber. The waveguidance results not from a photonic band gap but 
{rom the inhibited coupling between the core and cladding modes. The spectrum consists of up to 
45 high-order Stokes and anti-Stokes lines and is generated by driving the confined gas with a 
single, moderately powerful (10-kilowatt) infrared laser, producing 12-nanosecond-duration 
pulses. This represents a reduction by six orders of magnitude in the required laser powers over 
previous equivalent techniques and opens up a robust and much simplified route to synthesizing 


attosecond pulses. 


the generation of an ultrabroad and co 
"Tiss sig fn 

ible o extreme ultraviolet (XUV) and soft 
acrty by high harmonic generation (HIG) in 
nert pases had ed to the generation of alto- 
second pulses (/), enabling the measurement and 
control of previously inaccessible ultrabrie phys- 
fecal and chemical processes (2, 3), Eflorts are 
under way to eiteumvent the limitations of HG 
‘on the conversion efficiency and the spectral ho 


cation, Altemative techniques based on genera- 
tion of higher-order stimulated Raman scattering 


(UISRS) in hydrogen or deuterium and the use of 
Various driving conditions have been shown 10 
exhibit a broad and coherent HSRS. spectrum 
With a much larger photon-conversion efficiency 
and fewer constraints on the spectrum location 
(4-7), However, similar to the HIG metbox, they 
all come at the expense of ether muliple driving 
pump lasers oF ultrashort pulsed lasers and require 
of peak powers in all cases. 

‘optics has 
in developing photonic solu- 
‘21s confined in a hollow-core 
photonic erystal fiber (HC-PCF) (8), The ability 
ff these fibers to confine together gases and 
fight at mode areas on a scale of jum? while 
keeping them in interaction over length scales 
fof several meters (8, 9) has led to unprece- 
dented low-light power-level nonlinearities in 
gas-phase materials (/0) being accessed in com- 
pact systems (/7). However, the generated spec- 
tra have been limited in’ bandwidth by: the 
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yodest ~70-THz band gap width achievabl 
these fibers (/2), which is much smaller tha 
the ~1000-TH1z bandwidth required to gener- 
ate attosecond pulses in the infrared-ultraviokst 
(IR-UV) domain, 

We report on the generation of almost 1000- 
THz-wide HSRS comb-like spectra in molecular 
hydrogen confined to the core of a HC-PCE 
This 11C-PCF relies on a new photonic guidance 
whereby photons are confined not by photonic 
‘band gap but rather via_a mechanism akin 10 
Voo Neumann Wigner bound states. within a 
‘continuum (/3, 14), thatthe fiber ude! modes 
‘cohabitate with those ofthe eadling without notably 
interacting. This “inhibited interaction” between the 
hollow core-guidded modes and the cladding 
cccotinuum is explainad by the high degree of the 
transvene-fick! mismatch betwem the core ant 
cchaking modes. This fiber és Weal for ultrafast 
‘optics because its transmission spans from the U 
to mid-IR with low dispersion and relatively low 
loss. We have found that these properties enabled 
the generation of ultrabroad comb-like spectra 
through the use of transient stimulated Raman 

attering (SRS) pumped by only a single laser 
with 12-ns pulse width, 1064-nm wavelength, 
and peak powers not execeding 40 kW, 

‘The HIC-PCF investigated here is based on a 
Kagomté lative (8). Although this H1C-PCF was 
reported a few years ago, the underlying guid- 
ance mechanism was not understood. The fiber 
does not exhibit photonic band gap: instead, it 
was recognized that at the transmission wave- 
lengths, the Kagomé lattice exhibits a lower 
density of photonic states (DOPS) (9). It would 
scem fiom these propertics, which are summa- 
rized in fig. SI (75) fora one-cell core Kagomé 
lattice HC-PCF (/6). that guided core modes 
and cladding modes in a Kagomé lattice HC- 
PCF can coexist even at the same frequency &A 
and effective index reg: This situation is illus- 


trated by the near-field of the transmitted white 
Tight through a few centimeters ofthe fiber shown 
in fig. SIB. This indicates the presence of bound 
‘or quasi-bound states (here core modes) within 
‘continuum (cladding modes). Even though such 
a situation is rare in physics and might seem- 
ingly contradict the very notion of a “bound! 
state, tis not unique, Electronic bound states at 
energies above the potential barriers were pre- 
dicted by Von Neumann and Wigner as far back 
as the infancy of quantum mechanics (/3, 14), 
To shad light on the origin of this photonic quasi- 
bound state within a continuum, we investigated 
the nature of this continuum (ic, the photonic 
states of the cladding structure) and their “inhib- 
ited interaction” with the HEyy-like core mode, 
Figure 1A shows calculated core and cladding 
modes at representative frequencies of the two 
high-transmission bands of the fiber fi... band 1 
and Il; see also fig. SID (/3)). The simulations 
show that, in the high-transmission bands, all 
cladding photonic modes with neg values close 
to that of the cone mode are localized mai 
silica struts, They exhibit rapid field decay into 
the air regions, a very steep dispersion (er Var- 
intion with KA) (fig. SIG) and, more important- 
ly, fast phase oscillations, The fast oscillations in 
lass are a manifestation of the large transverse 
wavevector components associated with such 
Waveguide modes at low indices (ge 1) and 
high KA. These cladding modes can be viewed 
4s individual Waveguide modes associated with 
the interconnected sili f the 
crostructure, Indeed, the fickd distribution within 
the cladding region shows the same behavior, 
whether the cladding modes are calculated for 
an infinite structure without a core being present 
(sce unit-cell mode in Fig. 1, A and BY oF for a 


finite structure in which a core is included as 
shown in the second coun 1, A and B, 
Crucially, these features hold even for cladding 


modes that belong to the same symmetry class 
as. core mode and that have effective index vale 
ts that differ by only Avige ~ 10° of less from 
the core-mode index. Despite this high degree 
of longitudinal phase matching, the hybridiza- 
tion is observed to be extremely weak over the 
broad frequency ringe of both bands 1 and IIL 
This is illustrated in Fig. 1C by the low value of 
the powerin-alass fraction over these frequency 
ranges. Indeed, this value is below that of a 
photonic band gap fiber ¢ 

‘The weak interaction between the core and 
cladding modes is explained by the strong 
transverse-field mismatch between the modes, 
as evidenced by the fast field oscillations of 
the adding mode, leading to the “washing-out™ 
of the overlap with the slowly varying core-field 
distribution. This very weak overlap was also 
scported in (/8), but no account of is origin was 
fen. A. further corroboration of the above 
of the field 
iensity within the core shown in Fig. 1D. The 
plot shows that the field has decayed by ~30 dB 


scenario is the strong confineme 
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Kage 

cladding modes, (A) The 
first two columns show 
the core mode and a 
cladding made, respec- 
tively, for a frequency 
kN = 50 in band I (top) 
‘and kN = 100 in band 


IM (bottom). At each fre- 
‘quency, the effective in- 
dices of the core and 
cladding mode differ by 
less than 10°. The third 
column shows the mode 
‘of an infinite Kagomé 


latce, which corresponds |_KA=100 


to the cladding mode in 
the second column, cal 


‘culated for the same fre- 
‘quencies at the Ipoint 
of the Brillouin zone, (B) 
Same as in (A) for kA = 
68 in band Hl. (©) Power 
in the ols faction plotted 
a a function of kA. (D) 
Intensity profile of HE 


B 
KA=68 


like mode along the 
horizontal and vertical 
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‘cross-section, respectively; the orientation is the same as in (A) and (B). The vertical gray-dashed lines show the silica core-wall positions for the horizontal axis. 


betore the silica surround is reached, This figure 
is below the typical values, ~20 dB, calculated 
x band gap fibers with approximately the same 
mode size, Because so litte fel! penetrates into 
the cladding, the core mode shows low propa 
zation loss, which is also in agreement with 
‘experiment, Superfivially, this “noninteraction™ 
between states with the same symmetry: might 
appear to violate the “noncrossing rule.” but as 
Was pointed out by Von Neumann and Wigner 
(13, 14), this rule ceases to hold where dense 
continua are involved, 

The fast-oscillating nature of the cladding 
modes also elucidates the immunity of the 
omé HC-PCF to bend loss. In analogy with 
fibers that have a cylindrical symmetry, these 
modes are associated with a very high effective 
number, m, that govems the azimuthal phase 
Variation of the field. A perturbation that may 
induce coupling between the core mode and 
such cladding modes necessarily requires a fast 
azimuthal variation (ie, a large Am). A. fiber 
bend, however, is primarily associated with a 
change in m of just 1. thus providing the fibers 
With good resilience 10 bend loss, The coupling 
induced by such perturbations is also weakened 
‘owing 10 the small overlap between the core 
mode and cladding mode intensity distributions. 

Figure IB shows a representative mode 
(kA = 68) of the low-transmission band (band 
modes of this band belong to a family 
ng modes for which the “inhibited in- 
wer holds (15). 
‘Those forming band If result from an interaction 
between the cladding hole modes (sce the rela- 
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Fig. 2. (A) Scanning electron micrograph (SEM) showing the cladding structure of the bandwidth- 
‘optimized Kagomé HC-PCF and (B) lower-magnification SEM showing the ful structure of the fiber used 
in the HSRS experiment. (C) Optical spectrum showing the optimized, broadband guidance of the fiber. 


tively flat red curve below the airline in 
SIG that extends up to KA~65 without interact- 

w with the silica cladding modes) and glass 
strut modes, which occur near the lowest-order 


resonance wavelength given by A = 2r 


where 1 is the strut thickness and mg the re- 
fractive index of the glass. This form of 
cladding mode is able to interact with the core 
mode, enhancing leakage loss from the core. 
‘These theontical findings open a new route 
to designing novel broadband HC-PCF where, 
instead of seeking photonic band gaps, one ex- 
plores photonic structures that support photonic 
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modes that exhibit a high degree of optical fiekd 
cexthogonality between the core and cladding com- 
ponents. Ammed with this picture of guidance, we 
designed and fabricated a new Kagométatice 
fiber in which the thickness of the x 
is raducad to ~290 nm, but the pitch is maintained 
sear 12 jim (Fig. 2, A and B). This has the 
fect of widening the high-transmission bands, 
thus maximizing the bandwidth for frequency 
generation and further reducing the dispersion. It 
also results in a shifting of the Jow-transmission 
band to ~590 nm (Fig. 2C) (15). 

The new fiber shows low loss (Iypical loss is 
~0.5 dB/m) at the wavelength of the pump laser 
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Fig. 3. Images and spectrum of the generated and transmitted HSRS through ~1-m-Long hydrogen-filled Kagomeé fiber for (A) a linearly polarized and 


(B) a circularly polarized laser input. 


(i.e. 1064 nm) that is used to generate higher 
‘onder SRS spectra, SRS is a two-photon inelastic 
scattering of an incident laser beam by the mo- 
Jecular excitation of the Raman medium, result- 
ing. in frequency down-converted (Stokes line) 
‘or up-converted (anti-Stokes line) photons being 
shitled from the pump frequency by the Raman 
transition frequen Inder appropriate driv= 
ing conditions of jum (/.), a large num 
ber of mutually coherent high-order Stokes and 
amti-Stokes fields can be obtained over a very 
lange fiequeney span (4-7, 79). For example, it 
has been argued qualitatively that one could 
‘obtain a coherent HSRS spectrum with one pry 
laser, provided one operates in the transient 
and high-gain regime (6, 20). Conventionally, 
this regime is limited to GW power, trans 
limited subpicosecond tasers so that their pulse 
duration tp remains shorter than the dephasing 
time of the Raman medium 73 (6, 20, However, 
it was recently demonstrated that the long 
interaction length and the strong optical confine 
iment offered by the HIC-PCF extend the transient 
SRS regime to pulses much longer than 73 and 
\with low peak-penver Kevel (27). This is lanzcly 
fulfilled in our experiment in which we used a 
Jem Jength ofthe fiber described above fill! with 
natural hydrogen at a pressure of 20 bars and 
excited by a Nd-yttrium-afuminum-gamet laser 
‘operating at 1064 nm and with tp = 12 ns (5). 
Figure 3 shows a typical transmitted spec- 
trum and! spatial-mode images of some spectral 
Fines, obtained when a 40-KW peak power of 3 
linearly polarized pump laser is coupled into the 
fiber. In addition to the pump line, the spectrum 
« ix strong spectral lines con 
‘one Stokes (~1892 nm) and five anti 
components, the fifth anti-Stokes being in the 
UV (332 nm). The fines are equally spaced by 
125 THz, which corresponds to the frequency 
of the vibrational Raman-transition Qoy(1) of 
‘onho-hydrogen. For the same pump power as 
above, when the laser polarization is changed 
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Fig. 4. Detected output power 
from the pump (black circles and 
line), fist Stokes (red circles and 
line), first anti-Stokes (blue circles 
and line), and second anti-Stokes, 
components (purple circles and 
line), as a function of the coupled 
peak power. Each component is 
taken from a fraction of the output 
beam diffracted on a grating. 
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from linear to circular in onder 10 favorably 
excite the Sod 1) rotational transition, a spectrum 
‘of 45 spectral components (Fig. 3B) can be 
observed. The spectrum consists of the vibra- 
tional HISRS components observed in Fig. 3A, 
With additional strong rotational sidebands on 
either side of them, spaced by the 18 THz of the 
Sco) transition. The net result is a spectru 
spanning from ~325 nm in the UV to ~2300 nm 

the IR, wi 3% oF the input pump 


‘more than $ 
energy being convetad to higher-order Stokes 
and anti-Stokes spectral lines. 

The observed spectra differ from the previ 
‘ously reported results obtained with HSRS in 
‘both the impulsive (5) and the transient regimes 
(6, 7, 20) by having far stronger Raman lines ant 
1a wider spectral span. This is achieved despite 
pumping with a longer wavelength and peak 
powers six orders of magnitude lower than with 
the above-mentioned techniques (20). Futherno 
compared to the spectra obtained in the adiabat 
regime (4), the present ones exhibit comparable 
‘conversion efficiency and spectral bandwidth but 
With a peak pump power almost four onders of 
magnitude lower. Notably, this was obtained un- 
der conitons that sasfy neither the requirements 
for adiabatic preparation, because the SRS is 


scedat fiom the quantum noise, nor impulsive 
reparation, which requizes laser pulses. shorter 
than the period of the Raman molecular excitation, 

For the sidebands to be suitable for sub- 
femtosecond pulse synthesis, they should b 
‘mutually coherent, as would be expected in the 
case of parametric wave-mixing processes. By 
contrast, in our eas nes are initiated by 
spontancous Raman scattering, raising the ques 
tion of whether oF not the lines are coherent. In 
this experiment, several indications point toward 
the mutual coherence that is desited. First, the 
Parametric nature of the higher-order Raman 
sidehands is indicated by the observed simulta- 
rncous rise of all the spectral Hines for both the 
Vibrational and ro-vibyational spectra in accord- 
ance with (20). This is illustrated in Fig. 4, which 
shows the first Stokes (S1) ang the first and sce 
‘nd anti-Stokes (ASI and AS2) of the vibrational 
transition all rising around a pump peak power of 
13 KW. Another indicator of the parametric 
of the interactions is the observation of hi 
corde transverse spatial modes for some of the 
spectral lines, despite the fiber supporting a low- 
Joss HE, like mode at the same wavelength (15). 

Owing w the major role of the quantum noise 
in the initiation of the SRS process, we devel- 
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‘oped a new quantum analysis (ie, SRS ini- 
tiation from spontancous emission) generalized 
to.an arbitrary number of Stokes and anti-Stokes 
(S/AS) lines to investigate the mutual coberence 
‘of these sidebands (/5), The results, applied to 
aan isolated vibrational (or rotational) Raman 
transition, predict that in the high-gain transient 
regime, all SAS sidebands camry phases that are 
‘automatically correlated in a deterministic man- 
niet (i.e, phase-locked), Indeed, even though the 
spontancous sced for the St pulse is temporally 
and spatially randomly fluctuating during the 
‘generation process, this noise is heavily filtered 
‘out under the high-gain transient conditions to 
leave out a Stokes fickd with a single overall 
phase, Concomitantly with the generation of SI, 
there is tise of a frst anti-Stokes (ASI) fick! and 
44 molecular excitation, which are determined 
by the same phase that arises. spontancously 
(22, 23). This result is ascertained by calculating 
the degree of mutual coherence betweer the 
anti-Stokes fiekls (/5), 

shows that both 
the higher-order SAS pairs and the mokkcutar 
tion retain the same key features of sharing a 
common phase related to that of the fir S/AS 
pair, The observed high efficieney of the Raman 
conversion indicates that we were able to excite 
substantial molecular coherence even though it 
\vas initiated from quantum noise, In analogy with 
the adiabatic ragime (4), the results of the new 
theory can be viewed as the generation of a 
coherent molecular spatial excitation, which 
modulates the first S/AS pair by adding SAS 
sidebands. These then become modulated to 
generate sideband of their own, and so on, 


‘The spectrum generated with circular polariza- 
tion contains both rtation- and vibration-encrated 
lines. Consequently, there is a sccond coherent 
molecular excitation, implying the introduction of 
‘one additional random phase. This in itself does 
not destroy the phase coherence of cither the pare 
Vibrational or the pure rotational spectra, but t0 
experimentally produce sub-fs pulses, these 
degrees of freedom nood to be relatively cortrolad 
to comect for this additional random phase. Also, 
fone could optimize the medium pressure to 
suppress completely the vibrational fines. (6), 
Jeaving only the mutually coherent rotational lines 

The extension of using this HIC-PCF in other 
Raman excitation regimes is straightforward 
For example, its combination with the adiabatic 
Preparation technique would enhance the conver- 
sion eflicieney and further reduce the required 
pumping powers involved while ensuring better 
control over the spectral companents™ phases. 
This would enable the generation and synthesis 
Of attosecond pulses with much lower pumping 
powers. Furthermore, in addition to the intrinsic 
fundamental importance of the discovery of this 
“Von Neumann-Wigner” related. waveguidance 
to photonics, it will provide us with new tools to 
develop next-generation HIC-PCFs with even 
‘broader bandwidth and lower transmission los. 
For example, with lower lass figures, one coukt 
synthesize ultrashont pulses using continuous- 
wave pumps This wouk! permit the synthesis 
of arbitrary optical waveforms with a degree of 
control approaching that in electronics, 
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Engineering Entropy-Driven Reactions 
and Networks Catalyzed by DNA 


David Yu Zhang,"t Andrew ). Turberfield,? Bernard Yurke,?* Erik Winfree™t 


Artificial biochemical circuits are likely to play as large a role in biological engineering as electrical 
circuits have played in the engineering of electromechanical devices. Toward that end, nucleic 
acids provide a designable substrate for the regulation of biochemical reactions, However, 

ithas been difficult to incorporate signal amplification components. We introduce a design strategy 
that allows a specified input oligonucleotide to catalyze the release of a specified output 
‘oligonucleotide, which in turn can serve as a catalyst for other reactions. This reaction, which is 
driven forward by the configurational entropy of the released molecule, provides an amplifying 
circuit element that is simple, fast, modular, composable, and robust. We have constructed and 
characterized several circuits that amplify nucleic acid signals, including 3 feedforward cascade 
with quadratic kinetics and a positive feedback circuit with exponential growth kinetics. 


circuit elements poses several challenges. 

Firs, distinet signals must be eartied by 
dlistinet chemical species, motivating the use of 
infomation-canying molecules whose sequences 
ccan be used to encode signal identity. Second, 
“Wiring up” a gate to specified inputs and outputs 
involves the design and synthesis of new mol- 
‘ecules: this calls for modular gate designs. Thind, 


T: development of modular biochemical 
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4 fast and robust catalytic mechanism must be 
identified and coupled 10 a suitable energy 
source in order to ereate gates with signal gain. 
Fourth, it must be possible to construct circuits 
‘of arbitrary complexity that can produce an 
Unlimited variety of dynamical behaviors. Final- 
ly, there should be no Keak or crosstalk between 
dlistinet signals and gates. It is difficult to meet 
all these challenges simultancously 


SCIENCE VOL 318 


Nucleic acids are attractive for this purpose 
tpecause the combinatorial sequence space allows 
an enormous diversity of signal carriers, and 
the predictability and spavificity of Watson-Crick 
base pairing facilitate the design of gate archi- 
tcctures. The “RNA world” hypothesis further 
suggests that sophisticated biochemic 
zation can be achieved with nucleic acids alone 
(D), and sucleie acids have indeed been shown 
to be a versatile construction material for engi« 
neering molecular structures and devives (2, 4), 
including catalytic (4-8) and logical (9-12) con- 
trol ckiments and circuits (3-17). Engineering 
(dooxy ribexzyme-hased logic gates his been very 
effective, resulting in systems containing over 
100 gates operating independently in parallel (0) 
as well as systems demonstrating cascading of 
a signal between two gates (/3, 15, 16). Alier- 
natively, hybridization-based systems, usually 
driven by the enengy of base-pair formation, 
have proven especially: suitable for cascading 
signals, as demonstrated by a circuit five layers 
deep (17), That work, relying primarily on 
noncatalytic logic uates, identified amplification 
and signal gain as essential for scaling up to 
lange cascaded circuits. We provide a solution to 
this problem. 
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‘The entropy-ckiven catalytic gate presented here 
is substantially simpler than previous hybridization 
based designs; moreover, it is faster better under- 
stood, and more modular, The net reaction is, 
shown in Fig. 1A: Fuel strand (F) reacts with the 
thiee-stranded substrate complex (S), displacing 
‘output and signal strands (OB and SB) trom 
Tinker strand (LB) to form waste complex (11), 
The total number of base pairs in the reactants 
and products is unchanged: the reaction is driven 
forward thermodynamically by the entropic gain 
Of the liberated molecules. Fuel, signal, catalyst, 
‘and output are all single-stranded DNA molecules 
that can be of similar kegs; thus, each molecule 
may play multiple roles within a network. For 
‘example, the output of one gate may serve as the 
input to another, Notably, catalyst C and output 
(OB may be entirely independent in sequence (18), 
this modularity implies that a catalytic wate ean 


‘computation and Neural Stems, California institute of 
Technolony, MC 136-93, 1200 East Califia Bove, 
Pasadena, CA 91125, USA. “Department of Pycs, Univesty 
of Ord, Carerdon Laboratory, Paks Road, Oto’ OX 
3PU, UK. "Bell Laboratories, Aatcent Muay WA, N) 
07974, USA 

shrese aes: Mater Scene ad Engineering Depa 
men, Boise State Uniesty, Bose, 1D 83725, USA. 

{To whom carespondence shoud be adiresed. Ema: 
inee@eatech es (EM); dehangepdnacatech es (0.2) 


Fig. 1. The entropy-driven F (Fun Stan) io 
reaction, (A) System com A Ss. 
ponents, Number labels © (Capa wou) L_—_*_-_2) 
‘denote functional domains, + 45s Waste Product W 
which are continuous a oe + 
siretches of DNA that act on X tas, 

5 units in binding. Do- a) 
main is the complement LF ddl + 

‘of (and will hybridize to) §=§ “4 is 
domain x. (B) The pro- Substrate S (8 (Ove 


posed catalytic pathway. 
Reverse reactions are also 
present and modeled (vith 
the exception of 15+08- 14 
which occurs a a neligible 
rate). (C) Analysis by PAGE 
(120% native ged ofthe re- 
action mechanism, Unless 
‘othenvise noted, all exper- 
ments were performed at 


25°C in trisacetate (TE) 
buffer supplemented with 08 (owe) } aes 
12.5 mM MgCl. Here, 

{5} = [F} = 200 nm. [C] = we 

200 nM, except where C Wes Nb 
denotes 20 nit. “ann.” de-——itomedite 

notes. that. species were SS Fer 

annealed; "30 m” denotes as ab 

thatthe reaction occured 22k, bememels t32. 

for 30 min, See fig. $5 for F Fue aan 

the full gel including con- 

trol lanes. (D) Fluorescent reporter strategy. ROX denotes the carboxy-X- 

rhodamine fluorophore, and RO denotes the lona Black Red Quencher. Domain 

2 is subdivided into 2a, 2b, and 2c 2ab consists of 2a and 2b (Table 1. (E) 
Demonstration of catalysis. Diferent amounts of C were introduced into the 


system at t = 0. Here, [5] = 10 nll = 1x, [F] = 13 
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‘be designed to at at any point within a preexisting 
circit. Unlike previous hybriization-basal cata- 
lyst systems, the reaction design does not require 
unusual sccondary structures such as pscudoknots 
and kissing loops. Undesined interactions can be 
avoided by design (/9-2/), resulting in reliable 
and predictable circuit behavior, 

Strands are conceptually subsivide into func- 
tional domains (number labels in Fig. 1) whose 
sequences determine the pattem of interactions 
‘between circuit components. [Domain sequences 
are given in Table 1; soe supporting online ma- 
terial (SOM) text SI for design details.) The 
domains can be grouped by purpose: domains 3 
‘and $ are termed tochokd domains, whereas do- 
mains 1, 2, 4, and 6 ae termed specificity do- 
mains. Tochold domains are short enough to bin! 
‘only fleetingly in the absence of ational binding 
{and need not be distinc), but they greatly aocel- 
‘rate the initiation of strand displacement reactions 
(22) Specificity domains ensure specific interac- 
tions [even a single mismatch can slow down 
‘branch migration substantially (23)) and determine 
the identities of the catalyst and cutpat mokccules. 
The Kkngths of the wochold domains determine 
kinetics and need to be between roughly 4 and 
10 nucleotides (nt), but the specificity domains 
may be of any Jength sufficient to ensure ther- 
imal stability. Domains 1 and 6 of OB and SB, 


'S (Subsvate) 


respectively, are inert, whereas their respective 
tocholds are sequestered in S, 

Catalytic activity has two characteristic be- 
haviors: the spaedup of the target reaction and 
the re-release of the catalyst to allow for multi- 
ple turnover, To achieve these behaviors, we in- 
twoduce and apply a design principle that we call 
tochold exchange (Fig, 1B): C first binds t0 the 
ingle-stranded tochold domain 3 on S to form 
the four-stranded intermediate 11, which then 
rearranges (by branch migration) to form 12. 
The binding between tochold domains 3 and 3 
fs too weak to keep hed, so 22 sponta 
neously dissociates. into SB and B. Newly 
exposed 3 then facilitates the binding of F, re- 
sulting in 4, which then quickly reamanges to 
release OB and 1S, Finally, 1S rearranges $0 th 
Cis attached only by the binding of $ and 
‘which spontancously dissociates to eave Hand 
regenerate C. The reaction mechanism presenta! 
here, based on branch migration and driven by 
entropy, ciffers from the traditional view of catal- 
ysis in biological organism in that it requires: no 
and alters no covalent bonds, 
npetant to ensure that alternative in 
teractions do not interfere with intended gate 
functions, Toward this end, a key design prin- 
ciple is that the complements of the specificity 
domains never appear in. their sit 


Faas 


‘nM, and [OR] = 30 nM. 
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7 
time (hr) 

Fluorescence (in all figures) is reported in units such that 0.0 isthe background 
fluorescence of the quenched reporter and 1.0 is the fluorescence of ~10 nM of 
triggered reporter. The control trace (black) shows the reaction with no substrate 
S and no catalyst C. Dotted fines show curves calculated with the reduced 
reaction model. sim, simulated. 
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form, Except at tocholds, no two molecules 
interact with cach other via complementary 
single-stranded domains. The catalytic gate is 
therefore expected to fimction for most choices 
‘of domain sequences lacking strong secondary 
stricture and spurious mutual interactions (9-27) 
In Fig. 1C, polyacrylamide gel electrophoresis 
(PAGE) is used to verify the catalytic pathway 
(24), By reacting substrate S (purified by gel) 
and catalyst C in the absence of fuel F we 
prevent the reaction ffom progressing past inter- 
mediate £3. The amount of 13 produced after 
30 min (lane 2) is almost identical to that 
present at equilibrium, as assessed by annealing 


the reaction components (lane 3). This sugwests 
that all reactions up 10 £3 are fast on this time 
scale. Similarly, the subsequent reaction be- 
tween B and F is also fast (lanes 3 to 5). The 
‘complete system behaves as expected: The un- 
catalyzed reaction is low (lanes 7 and §), and a 
substochiomtric quantity (0.1%) of C enables the 
reaction to proceed rapidly to near-completion 
(lanes 9 and 10). 

In onder to measure the time course of the 
catalyzed reaction by means of a fluorescent 
reporter without interference from fluorophore- 
‘quencher interactions (25) (SOM text $3), we 
use an indirect reporter complex OR. OR reacts 


Table 1. Domain sequences of basic catalytic reaction. 


Domain Sequence Length (nt) 
2 S-CITICCTAC 10 
2a S-CCING-S 6 
2b ACTCCA: 6 
cia S/-ACTAACTTACGG-3° Rr 
3 S'-CCCT-3" 4 

4 'S'-CATTCAATACCCTACG-3" 6 
5 S'-TICTCCA-3" 6 

6 S-CCACATACATCATATT-3" 6 
Fig. 2. Verification of entropic «.% ¢ & » 

driving force. Analysis by PAGE Bh aiding Se eusin ge 

(12% native gel) of reactions with ac GE GE FF BE 
truncated hel stands (S]=[F]= 9 @ 8 OO G8 OO oe 

200 nM. [C] = 20 nM, as denoted -—_ - - - me Substrate S 
by the asterisk. All reactions were @eececece y 


run at 25°C for 3 hours, “Ft2” 
denotes that two bases were trun- 
cated from the 5' end of fuel strand F. 


Fig. 3. A two-layer cascaded 
network. (A) Schematic. See 
table 52 for sequences of 
new domains. (B) Kinetics. 
Indicated amounts of initia 
catalyst CO were added at t = 
0. Fluorescence derives from 
reporter complex OR (Fig. 
10) at 30 nM. Dotted lines 
show simulated traces; see 
‘SOM text S8 for details on 
reaction rates and modeling. 
au, arbitrary units. et) Re- 
sponse to 0.0010x, 0.0003, 
and 0,0001x catalyst, The 
asterisk indicates that three 
independent reaction traces 
are shown. 1.0 fluorescence 
Units corespond to = 10 Mt 
of triggered reporter. 
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Sochiomettically with output OB to separate 
fluorophore-labeled strand from a quench 
labeled strand, thereby increasing Muorescence 
(Fig. 1D). The rate constant forthe repovter system 
was measured to be fyox = 4+ 10°M ts! 
(SOM text $4), Because initial [OR] = 30 nM is 
in excess [5] = 10 nM, the reporter complex 
rermins substantially in excess, and the reporting 
delay should remain kes than 100 s, which is short 
3s compared 10 the half time of the catlyzed 
reactions. OR docs not react substantially with S, 
ecu there aw no singk-sirinded tocholds to 
‘nite interaction, Measurements ofthe kinetics of 
the catalyzal reaction over a SOOoK! range of 
catalyst concentration are shown in Fig. TE 

We modeled this system using the reduced 
reaction set shown below, 


S+ FS. SB +08 4+W 


S+ C4 +88 
B+ F &~ 1S +08 
15 tm C+W 

ry 


OB + OR ™™~ Fluorescence 


where hy = 2.3 10'Me St, 
Ay = 65> 108M Ist, 
bp =42 108M, 
fy = 4 1098" (ited), and 
rox = 410M! 


The first reaction shown models the uncata- 
Iyzad (leak) reaction, Intermediate steps in branch 
‘migration reactions are omitted, because they 
are relatively fast at experimental concentrations 
(SOM text SS) (26) and because intermediates 
11, 2, and Mare not observed in PAGE analysis 
of reactants and products (Fig. 1C), Noting the 
approximate symmetry between the correspond= 
ing reactions, we assume that As * Ay and key 
fy, The rate constants ho, Ai. and ky were 
measured individually (fig. S4); hy was fit to 
the data of Fig. IE. The time course of the 
catalyzed reaction over a wide range of catalyst 
concentrations is accurately reproduced by this 
reduced system of rate equations (Fig. 1E), 
AAcconiing to this model, the addition of catalyst 
can accelerate the reaction by over four orders 
‘of magnitude (Az/ko = 1.8» 108 

In the net reaction, each base pair that is 
broken is replaced by another of the same t 
s0 the net fiee enengy change trom base 
interactions should be small, The reaction is 
driven by the gain in configurational entropy 
corresponding to the liberation of OB and S 
the cost of localizing F. To confirm the domi- 
nance of this entropic driving force, we truncate 
F by removing up to 8 mt fiom its $7 end, 
‘making the products more and more thermody- 
namically disfavored. Nonetheless, in all cases 
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the waste product is favored at equilibrium (Fig. 2: 
sce SOM text S6 for discussion on entropy and 
fice energies). The thermodynamic driving force, 
being dominated by center-of-mass configura 
tional entropy of released molecules, is some- 
\What robust to environmental conditions such as 
temperature and salt concentrations that alter the 
strength of DNA hybridization (SOM text S7 and, 
fig. S6). 

To demonstrate cascaded circuit construction, 
we designed a two-layer feedforward network 
by introducing an upstream catalyst system 
whose output acts as the catalyst for the original 
system (Fig. 3A), For clarity, F, OB, and the 
other reactants and products from Fig. 1 are 
rwlabeled Fl, OBL, and so fomh, Catalyst CO 
catalyzes the production of OBO (which contains 
a subsequence identical to C from Fig. 1), which 
in tum catalyzes the production of OB. The eon 
ccontration of upstream catalyst CO is constant, 
0 initially (OBO) increases linearly with time, 
Which causes [OBI] to inerease quadratically 
with time (Fig, 38), Eventually, the substrates 
and fuels are depleted, and the reaction halts, 
tsiving rise to an overall sigmoidal shape to the 
Auorescence traces (Fig. 3B). The model pre- 
viously used can be extended to predict the 
bchavior of this feedforward circuit data (SOM 
text SX), 

‘This caseaded system can be used as an 
amplifier t detect small quantities of C0, 


mes a 
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Repeated fluorescence experiments show that 
we are able to distinguish reliably between 
1 pM (0.0001) catalyst CO and 0» catalyst 
within 12 hours (Fig. 3B. inset). This 
comesponds to a roughly 900-fold amplification 
ofthe input signal. (1 pM of catalyst triggered = 
{900 pM of reporter above the baseline set by the 
(0« reaction.) For comparison, 1 pM corresponds 
to about one molecule per cukaryotic cell 
Volume. Repeated measurements of independent 
samples show kes than 3% variability across all 
timepoints (SOM text 99), 

Feedback is another important ature of 
both biological regulatory networks and anf 
cial contro circuits. Exponential growth kinetics 
ccan be achieved by redesigning the reaction 
presented in Fig. 1 such that output OB contains 
catalyst C as a subsequence (Fig, 4A). The 
reaction is then autocatalytic. Figure 4C shows 
the time course of this reaction for a wide range 
of catalyst concentrations, In a process domi- 
nated by initial exponential growth (¢ = co), 
the time to reach a threshold degree of 
completion depends logarithmically on the 
initial concentration ¢» (where ¢ is the concen- 
tration of the exponentially growing species, 2. is 
the characteristic time constant, and ¢ is time), 
Thus, a linear tend in a log-linear plot of initial 
concentration to tine 1 half completion (ty) is 
indicative of exponential growth. [Such plots are 
used as calibration standards for quantitation 


Se 


methods such as real-time polymerase chain 
‘waction (PCR) (27) Fig. 4D shows that our 
autocatalytic system has this. characteristic 
behavior, implying that exponential growth 
Kinetics have indeed been achieved and that 
the waction is not substantially affected by 
product inhibition. Further confirmation comes 
fiom the quality of fit to the data of « model 
based on rate constants derived for the catalyst 
system of Fig. 1 (SOM text SS), 

We also demonstrate feedback in a two-layer 
circuit by redesigning OBI so that it can, i 
tum, catalyze the FO + $0 reaction (SOM text 
SI1}, Feedback in this cross-catalytic system 
causes the concentrations of both OBO and OBL 
to grow exponentially at early times, 

Largely because of their relevance 10 the 
origin of life and to the RNA work! (/), 
autocatalytic and eross-catalytic self-replication 
reactions have been proposed and demonstrated 
previously (28), However, such systems typical- 
Jy suffer fiom product inhibition and thus ex 
hibit parabotic, rather than exponential, growth 
Kinetics. Recent exceptions incliake eross-catalytic 
dooxyriborymogens. (/3) and catalyzed. sc 
assembly (29) based on the hybridization ch 
reaction (/4); our auiocatalyst system is faster 
than cither of these, Reducing the spontancous 
activity of the cieuit (Hor example, by improved 
Purification of the substrate complex 
important goal for increasing the sensitivity 10 


D4 < E os 095, ox 
- HE 
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Fig. 4. The autocatalyst system. (A) Proposed reaction pathway. See 
table $2 for sequences of new domains. (B) Reporter complex SR, used 


baa, 


Tie 


O75 7 


for monitoring autocatalytic and cross-atalytc reaction networks. TET 
‘denotes the tetrachlorofluorescein fluorophore. FQ denotes the fowa Black 
Fluorescent Quencher. (C) Kinetics of autocatalyss. Indicated amounts of 
autocatayst were added at f = 0. At 30 min, 1% (100 pi) was amplified 
25-fold over the untriggered reaction, Reporter SR was present at 20 nMt = 
2x, Control sample (black) contained no fuel F. (D) Semi-iog plot of tu (in 
‘minutes) a5 a function of logarithm of molar trigger concentration. The 
‘orange {ine shows tya of the untriggered reaction, (E) Performance in the 
simultaneous presence of total RNA and unfractionated cell lysate. Total 
RNA present in solution was 10x (by mass) that of the sum of all relevant 
‘catalyst DNA. Active cell lysate, as would be used in an in vitro translation 
system, was added to be 1.1% by volume of total reaction (17 iL in 1500 i). 
‘The control reaction did not contain any substrate 5. Experiments involving 
total RNA but not cell lysates did not show the observed drift. 
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the point that our autocatalyst could be used as 
an enizyme-free constantemperaturealtemative 
to PCR for detecting known sequences 

For many applications in biotechnology, muc 
cleie acid devices must remain functional in the 
presence of naturally occurring macromolecules, 
We therefore tested the autocatalyst system in 
presence of an exeess of mouse liver total 
1A with rabbit reticulocyte lysate (Fig. 4E). 
Reactions proceeded to apparent completion with 
no more than a twofold slowdown, and the 
presence of a 3% trigger can stil be detected 


‘The ability to construct larger circuits will 
‘enable the wide range of chemical eireuit func~ 
tions needed for sophisticated applications. Our 


centropy-driven catalytic reaction networks. ane 
suited for sealing up to larger circuits. The 
modular molecular design makes synthesis of 
more complex components and networks with 
arbitrary topology straightforwanl, To demon- 
strate this, We constructed an_entropy-driven 
c anal AND gate in which both of two 
sts ane required 0 release output (SOM 
text S12 and fig, SUD). For scaling up 10 lange 
cireuits, independent catalyst systems must have 
nogligible crosstalk. The success of quantitative 
models that assume no crosstalk, as presented 
above, is encouraging: further evidence comes 
from a test of two independent catalyst systems 
‘operating in the same solution (fig. S12). Finally, 
c systems have the potential 10 avoid the 
slowdown that plagued previous attempts. to 
‘construct lange nucleic acid eireuits (17), 

Future nucleic acid control circuits must be 
interfaced to molgeular sensors an! setuators, This 
inay be achieved dineetly when the inputs and 
‘outputs are themselves nucteie acids, such as for 
the detection, analysis, and response to complex 
nucleic acid samples (9, 30) oF forthe control of 
id) nanowmachines (2. 42). Nucleic acid 
Iso respond to and control more 
ipl, the release 
‘oligonucleotide couk! regulate covalent 
istry by controlling (deoxy ribozyme activity 
(9%) of reactant proximity (32). Additionally, 
signals caried by small organies and other now 
nucleic acid molecules can be read by nucleic acid 
systems with the use of aptamer domains (33, 34) 
and other binding interactions that can regulate 
tochold accessibility (35, 36), Thus, nucteic acids 
‘could provide a general-purpose 
synthesis of embedkled contol 
‘aqucous chemical systems, 
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Radar Sounding of the Medusae 
Fossae Formation Mars: Equatorial 
Ice or Dry, Low-Density Deposits? 


‘Thomas R. Watters,’ Bruce Campbell,” Lynn Carter,* Carl J. Leuschen,? Jeffrey J. Plaut,? 
Giovanni Picardi,* Roberto Orosei,* Ali Safaeinili,? Stephen M. Clifford,? William M, Farrell,® 
Anton B. Ivanov,? Roger J. Phillips,” Ellen R. Stofan® 


The equatorial Medusae Fossae Formation (MEF) is enigmat 


and perhaps among the 


youngest geologic deposits on Mars. They are thought to be composed of volcanic ash, eolian 
sediments, or an ice-rich material analogous to polar layered deposits. The Mars Advanced 

Radar for Subsurface and lonospheric Sounding (MARSIS) instrument aboard the Mars Express 
‘Spacecraft has detected nadir echoes offset in time-delay from the surface return in orbits over MFF 
material. These echoes are interpreted to be from the subsurface interface between the MFF 
material and the underlying terrain. The delay time between the MFF surface and subsurface 
echoes is consistent with massive deposits emplaced on generally planar lowlands materials with a 
real dielectric constant of ~2.9 + 0.4. The real dielectric constant and the estimated dielectric 
losses are consistent with a substantial component of water ice. However, an anomalously 
low-density, ice-poor material cannot be ruled out. If ice-tich, the MFF must have a higher 
percentage of dust and sand than polar layered deposits. The volume of water in an ice-rich 
IMFF deposit would be comparable to that of the south polar layered deposits. 


its of the Medusae Fassae Formation 
l Ji IMFF) occur discontinuously at equa- 
torial latitudes along the boundary of 


the hemispheric dichotomy from Amazons 19 
lysium Planitiae (~130°E to 240°E) (J, 2). The 
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MFF may be among the youngest surf 
posits on Mars, unconformably.0\ 
sient Noachian heavily cratered highlands and 
young Amazonian lowlands (/-8). However, 
Pedestal craters on the outer edge of the MI 
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deposits have been cited as evidence of an older 
age (9). The local topographic relief of the MEF 
Units varies greatly, reaching a maximum of 
‘more than 3.5 km (5-7). The morphology of the 
MEF units is complex and variable, Over large 
horizontal scales (tens of kilometers), the un- 
dulating hills of the MEF are relatively smooth 
(Fig. 1), At smaller seales, many of the MFF 
units are marked by 


ems of parallel ridges 
and grooves interpreted as yandangs (/0-14) 
(Fig, 2, Re 
distance from the 
deposits once covered a lary 
northem lowlands (3, 6) (Fi 
‘observed in the MFF deposits that varies in scale 
fiom coarse, indurated layers that eap weaker, 
more friable material to thin, pervasive layering 
(3.4, 6, 15-17), 

AA variety of origins have been proposed for 
the MEF deposits. These include ignimbrite or 
Voleanic ash deposits from now-buried vents 
(1, 2. 6, 1D, colian deposits fom materials 
weathered early in martian history (1, 18), and 
deposits analogous to polar layered and circum 
deposits formed either as a consequence of 
(9) or during periods of high 
‘obliquity (7) [see supporting online material 
(SOM) text}, Units of the MEF are associated 
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with the “Stealth” region on Mars (SOM text), 
so named because no echo is detected in 3, 
and 12.6-em Earth-based radar data (/9-/). 
We report here on observations of the MEF 
deposits by the MARSIS radar sounder (22) 
(SOM text), Subsurface echoes are detected 
that correspond to the basal interface between 
the MFF material and the underlying plains 
matenial, We also characterize the thickness and 
clectrical properties of the MFF deposits as a 
‘guide to their bulk porosity and/or ice fraction. 
MARSIS data obtained between March 2006 
and Apsil 2007 cover all the units of the MFF 
(Fig. 1), Radargram 
the sounding data along the spac. 
ack, show subsurface echoes, offset 
delay fom the surfce net 
‘cross the MPF (Fig. 3). The subsurface echoes 
generally parallel the surface retum except near 
the margins where, in some cases, the subsurfice 
and surfice echoes converge (Fig. 3). The ob- 
served time-delay in the radargrams is consistent 
with the expected depth to the imerface between 
the MFF deposits and the underlying terrain, 
The westernmost MFF deposits form low- 
relief, undulating hills (Fig. 1) and overlie rela- 
tively young (Late An aged) lowlands 
volcanic plains associated with Cerberus Foss 
(2, ) (Fig. 2A). The infernal elevation of the 
subsurface interface comesponds closely with 
the floor of a valley separating two hills whe 
MFF material has been almost completely 
stripped away, nearly exposing the Cerberus 
plains (Fig. 2B and Fig. 3A). The MFF material 
that forms Lucus Planum is deposited on older 
(Hesperian-aged), lowhands knobby terrain (2, 8) 
1}. The interface beneath the eastem 
of this unit is fat and largely continuous 
(Fig. 3B). The MFF material exposed in the 
pronounced valley of Medusac Fossae itself 
extends from the northem lowlands into the 


n time- 
where the tracks 


1S0E 160'E 170 


190°E 20°F 21 


——— 


12 


Fig. 1. The Medusae Fossae Formation in Elysium and Amazonis Planitiae along the dichotomy 


boundary. The locations of MARSIS or 


tracks 2896, 4011, 3868, 3824, 4117, and 3996 are 


indicated by back lines (from left to right, respectively) overlaid on Mars Orbiter Laser Altimeter 
(MOLA) color-coded shaded relief. The locations of Thermal Emission Imaging System (THEMIS) 


images shown 
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2 are indicated by the small white rectangles. 


ancient heavily cratered (Noachian-aged) 
southem highlands, locally burying the dichot- 
omy boundary and the erated highlands (2, 8) 
(Fig. 1). A generally at, continuous subsurface 
interface that extends for several hundred 
Kilometers is separated in time-delay fiom a 
shallower, discontinuous imerfuce associated 
with a layer intemal to the MFF deposi ( 
3C), The subsurface echo from the easter flank 
of Eumenides Dosum is more spread out in 
time-delay but appears to delineate the north- 
downward slope of the buried dichotomy 
boundary (Fig. 3D), MFF material overlying 
Amazonian-period volcanic plains (1, 8) forms 
the prominent ridges of Amazonis Mensa and 
Gondii Dorsum (Fig. 1), There are two parallel 
subsurface echoes fiom the valley between the 
ridges (Fig. 3E) espond to the base of 
the MFF material and an internal diclectic 
horizon, The discontinuous subsurface echoes 
associated with the northern tip of Gordii 
Dorsum correlate in time-telay with the basal 
echo from the valley floor (Fig. 3E, far right in 
radargram), The most MFF deposits 
¢ dichotomy boundary and Amazonian 
volcanic plains of Olympus Mons and the 
Tharsis Montes (/) ang narrow northyvestwand 
into a ridge (Fig. 1), A discontinuous subsurface 
reflection from beneath the westem part of the 
ridge suggests lat basal interface (Fig, 3) 
Previous analyses suggested that some MFF 
iis are draped over preexisting topographic 
rises in the lowlands (13, 23), The subsurtice 
imerfaces revealed by MARSIS suggest that 
MEF materials are deposited on generally planar 
materials inthe northern lowlands and the down, 
nd slope of the dichotomy boundary (F 


overt 


Fig. 2. High-resolution THEMIS images of the MF 
‘material in Elysium Planitia, (A) THEMIS visible 
image (rame #V05275021) shows an outlier of 
IMFF material that is being stripped, partially ex- 
posing the underlying lowlands plains. (B) THEMIS 
bible image (frame #V13163010) shows numer- 
‘us yardangs and a valley stripped of MFF ma- 
terial. The locations of images (A) and (B) are to 
the left and right, respectively, of orbit track 2896 
shown in Fig. 1. 
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ig. 3. Radargrams 
showing MARSIS 
data for orbit 2896 
(A), 4011 (B), 3868 
(©, 3824 (0), 4117 
(©), and 3996 (Fh. 
Echoes are plotted 
in time-delay versus 
position along the 
orbit. The subsurface 
echoes are offset in 
time-delay from the 
surface echo and a 
interpreted to be na- 
dir reflections from 
the interface between 
the MFF deposits and 
the lowland plains 
material. The peak 
surface return is cor 
rected to agree with 
the MOLA topogra- 
phy along the orbit 
track. The radargrams 
are resampled to a 
tuniform  along-track 
length of ~1000 km. 
All the orbits are as 
cending except for 
orbit 2896, 


Fig. 4. Radargram showing MARSIS 
data for orbit 2896 converted to 
depth using a dielectric constant 
e'=2.9 for the MFF material. 
The dashed black line shows the 
projection of the lowland plains 
beneath the MFF deposits. There 
is good agreement between the 
basal reflector and the projection 
of the exposed surrounding plains 
(compare with Fig. 3A). 


MARSIS data support estimates of the 
volume of MEF 
parent base-level elev 


‘onal 
material calculated. usin 


in the lowla 
10? kan? (4) 


These estimates range from 14 
1.9 = 10° km? (6) 
MARSIS observations provide an opportunity 


to evaluate the electrical properties of the MEF 
Where the material is deposited on lowland: 
plains that are exposed! nearby (Fig. 2A), The 


observed time delays in the MFF deposits cor 
respond 0 a bulk real dielectric constant €° of 
2,9 = 04 (SOM text and fig. SL), base 
projection of the surroundix 


‘material (Fig. 4) 


plains beneath the 


A variation in e* of 2.5 to 3.3 


predicted thickness because fis a fu of 


Ve. The dielectric propertie: 
related 10 its density and composition. The ral 
part of the dielectric constant is modulated stron; 


ly by density. The imaginary component of th 


tnd = e"/e 


are strongly influenced by tu 


Radar losses due to 


he meth 
At 4 Mil 


(0.0048 = 0.0024 dB/m (SOM text, fig. S2). 
Fore’ of 2.9 and a center frequency of 4 MHz 
these losses correspond to a in loss 


tangent of 
MARSIS st 


(26) but con 


materials (27), Thus, 
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(0.002 to 0.006 (SOM test). 


the PLD ( 


the dielectric Josses span a range that includes 


some dy, unconsolidated geologic materials and 
mixtures of pure water ice and sediment, The real 
anxl PLD deposits 


icoctric constant of the MEF 


rock-derived materials, which are well fit by a 


function of the form ° = 1.964, where d is the 
density in gem? (26). A maximum eof 33 
orresponds to an average density of about 
LX wlem’, which is low for the expected self 


compaction of 0.5 10 25 km of a dry geologic 


material 
There are Iwo plausible interpretations. of 
these observations. The first is that the MFF 


material is poorly cons 


dated and comprised 
of nonice material with low dielectric loss, If 
the MFF material is an ice-pox 
deposit, it must have an unusually high po 

Jepths up to 2.5 km to 
MPF 
a depth-averaged bulk density 


ash or colian 


and! low bulk density a 


account for the estimated values of € 
deposits with 


value outside the 


9 giem? will have an ¢ 


ind possibility is that 


the MEF mate 


& nonce component of 


The seo 
ial is ice-rich, with 
higher real dielectric constant and loss tangent 


patch the observed 


the MFF deposits, landforms that occur in var 
cd material 
15), 
jon _must have removed 


lida 


inbly indu 


wind (1-3, 5, 6. 


suggests that sublin 


Volatiles from the putative ice-ich dep 


1127 


| REP 


1128 


ORTS 


leave meters of dust and sand. The accumulation 
‘of meters of sediments suggests that the non-ice 
component of an ice-tich MFF deposit may be 


Jarger than the maximum 10% estimated for the 
south polar layered deposits (SPLD) (25). This, 
in tum, suggests & higher modeled real dielectric 
‘constant than that of pure ice. 

Although the real dieleetric constant and 
diclectric losses may be consistent with an iee- 
rich material, the existing data do not exclide 


characteristics from other martian deposits studiod 
to date by radar sounding. An ive-ich MEF 
raises the intriguing possibilty of a lage volume 
‘of water ice in the equatorial zone of Mars 
beneath a vencer of dust and sand. MARSIS 
‘observations sugest that the total yolume of ice 
in the SPLD is ~1,6 = 10° km? (25). Ifthe MEF 
deposits are ice-rich, estimates of their total vol. 
ume suggest a volume of water comparable 10 
that in the SPLD. 
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Three-Dimensional Splay Fault 
Geometry and Implications for 
Tsunami Generation 


G. F. Moore,””* N. L. Bangs,” A. Taira,” S. Kuramoto,? €. Pangborn,? H. J. Tobin* 


‘Megasplay faults, very long thrust faults that rise from the subduction plate boundary megathrust and 
intersect the sea floor at the landward edge of the accretionary prism, are thought to play a role in 
tsunami genesis, We imaged a megasplay thrust system along the Nankai Trough in three dimensions, 
‘which allowed us to map the splay fault geometry and its lateral continuity. The megasplay is 
‘continuous from the main plate interface fault upwards to the sea floor, where it cuts older thrust slices 
‘of the frontal accretionary prism. The thrust geometry and evidence of large-scale slumping of surfkial 
sediments show that the fault is active and that the activity has evolved toward the landward direction 
with time, contrary to the usual seaward progression of accretionary thrusts. The megasplay fault has 
progressively steepened, substantially increasing the potential for vertical uplift of the sea floor with 
stip. We conclude that stip on the megasplay fault most likely contributed to generating devastating 
historic tsunamis, such as the 1944 moment magnitude 8.1 Tonankai event, and itis this geometry that 
makes this margin and others like it particularly prone to tsunami genesis. 


‘ost of Earth's langest and most destruc: 
Mii sities 

long the global belt of subduction 
zones (1-4), Great (moment magnitude > 80) 
‘earthquakes are generated when large areas ofthe 
subduction megathrust rupture, a process that 
fofien generates. lange tsunamis such as those 
produced by the 2004 Sumatra and 2006 Java 
earthquakes (5, 6). The size and destructive 
power of tsunamis that offen accompany great 
subduction earthquakes is determined kangely by 
the amount and area of vertical uplift of the sea 
bed, and these factors ane especially sensitive to 
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the geometry of the slipping fault as the carth- 
quake rupture approaches the sea floor (7-9), 
Very long thrust faults that rise from the plate 
‘boundary megathrust and intersect the sca floor 
along the lower slope of the margin—known as 
‘out-of-sequence or megasplay faults and recently 
identified as first-order features in the Nankai 
Trough (JO, 1)—are also common in other 
subduction zones such as Alaska (/2. 13), Sunda 
(4, and Colombia (/5), These megasplay faults 
have been hypothesized to efficiently transfer dis- 
placement to the near surface, fostering tsunami 
‘genesis, but owing to the lack of resolution of the 


shallow structure of these faults, the capability of | 
the megasplay in enhancing tsunami generation 
has been controversial (/6, 17), Morcover, an 
earthquake that ruptures up to (or near) the 
surfice (ie., one with a slip distribution skewed 
to the upsip end) has an enhaneed tsunami genic 
potential (18), 

The Nankai Trough is characterized by de- 
structive earthquakes that occur repeatedly along, 
the plate boundary megathrust (/9). A large out- 
‘oF-sequence thrust (OOST), first recognized as a 
strong seismic reflection (/0), branches from the 
megathrust fault ~S0 km landward of the trench 
south of Kit Peninsula, where it forms the trench 
ward boundary of Kumano Basin (Fig. 1). Swath- 
bathymetric and scismic reflection data show a 
Pronounced, continuous outer ridge of topognt- 
phiy that extends more than 120 kin along the 
strike (Figs. 1 and 2) and is related to the splay 
fault slip, This fault, termed the “megasplay 
(2), is. fundamental structural element of the 
‘margin, Substantial long-tenm slip is documented 
by sequence boundaries and progressive land- 
ward tiking of the strata in Kumano Basin (3), 
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Moreover, the megasplay separates rocks with 
considerably higher seismic velocity on its land. 
Ward side from rocks of lower scismie velocity 
toward the tench (20), indicating that it repre- 


senls a major mecha 
ing Wang and Hu (2/) to hypothesize th 
splay is the boundary between two di 


Fig. 1. Location map 
showing the regional set- 
ting of the Nankai Trough 
(upper right inset). PSP, 
Philippine Sea Plate; 
PR, Kyushu-Palau Ridge: 
187, lu-Bonin Trench; KP, 
Kil Peninsula, Conver- 
gence direction between 
the Philippine Sea Plate 
and Japan is shown at 
the lower right 


Fig. 2. 3D seismic data volume 
depicting the location of the 
megasplay fault (black tines) and 
its relationship to older in: 
sequence thrusts of the frontal 
accretionary prism (blue tines). 
Steep sea-floot topography and 
numerous slumps above the splay 
fault are shown, 


al discontinuity and lead 
the 


ist 


structural wedges: (i)a stronger “inner wedge” on 


the scismogenically 


ust and 


its landward side overly 


active part of the 
‘outer wedg 
aseismic frontal décollement 

Mai 
slip is concentrated along the Nankai megasplay 


‘on the seaward side overlying the 


authors have speculated that coseismic 
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(8. 10, 16, 17), but earthquake and tsunami 
inversions lack the resolution 10 distinguish 
between slip that has been diverted up the 
splay and slip along the frontal décollement 
Fhe plate boundary megathrust, What 
has been missing is evidence that the megasplay 
has recently been active and may thus have been 
responsible for the tsunami caused by the 1944 
arthquake, Mechanical 
est that the megaspl 


has panici 
cat subduction carthguakes (2/, 22). 
nd Hu (2/) proposed that the acereti 


prism (the outer wedge) can be described as 


‘dynamic Coulomb wedge,” whose compressive 
deformation intensifies at the time of a great 
earthquake because of coseismic velocity 

of the ascismic frontal décollement 


of the front 


then 
The streny 


penin, décollement 
promotes slip upward along the megasplay 
Here, we present the results of wo and three 
i! 3D) seismic reflection 
surveys across the Nankai Trough subduction 
1 Honshu, Japan (Fig, 1) 


dimensional 2D a 


These new seismic data, acquired using a com 
mercial seismic vessel towing four hydrophone 
streamers and two airgun source arrays (table 
$1), image the subduction plate boundary 
megathrust and the subsidiary megasplay (Figs. 
2 10 4 and movie $1) that have caused great 
earthquakes and tsunamis in the past (17, 23) 
The streamers recorded the reflected seismic 


wave field generated from the active seismic 
source directed into the sub-sea Moor, and this 
wave field was then migrated to 
images with 3D prestack time migration (table 
S1), typical for industrial scismic imaging (24). 
These images reveal the seale, continuity, and 


yim the seismic 


degree of geologically recent near-surface activ 
the 


ity of the megasplay fault system, support 
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hypothesis that itis a firs-order feature and a key 
part of the coscismic, tsunamigenic slip system. 
This detailed picture of the megasplay offers 
key to link stip within the m 


athrust seisme 
nie zane up to the sca floor, the likely locus of 
tsunami generation, Our data thus demonstrate 
the connection between the regional megasplay 
nates within the shallow portion of 


(Figs 
The 3D geometry of the megasplay system 
shows that it has two branches, with the upper 
branch being younger (Fig. 2), Both branches 
truncate (and henee nger than) the thrust 
ts within the prism, The top of 
the landward-most thrust package of the frontal 
accretionary zone (Figs, 2 and 3 and fig. $1) is 
cout off by the lower splay fault (Fig, 4B), This 
thrust package is deformed over a later 
(Fig. 3), branch off 0 


und 


n of thrusting. I the overlying fault were 
‘older than the underlying fault, it would be ear- 
Fig. 3. 3D data volume showing relations of in-sequence thrusts of the frontal accretionary prism ried “piggyback” on the underlying thrust and 
(blue tines) and the younger out-of-sequence branches of the splay fault (black lines). The top of 2 woukl also have been deformed by motion up the 
thrust sheet that has been folded above a lateral ramp in the frontal prism is cut off by the younger lateral ramp, but itis not, This observation further 
megasplay fault indicates that the thrusts are breaking backward 
{away from the deformation tron) (Fig. 4C) in 
OOST mode (25), rather than breaking forward 
(Goward the deformation front) in an in-sequence 
mode that dominates the frontal part of this and 
ry prisms (Fig. 4, A and B), In 
substantial amount of sediment has 
‘accumulated on top of the underlying thrust sheet 
and has been overridden by the advancing splay 
fault (fig. SI), indicating that the underlying 


because it has not yet overridden a substantial 
Thick enh mapcty amount of slope sediment and the overall slope 
A rapid gown of pram is thinner than that covering the 


ultimerscctions with the seafloor are 
c: however, portion ofa 2D line southwest of 
Torah achemeny <PDF BDO the 3D survey a 
m ‘ the splay fault to the sea floor (fi 
connects laterally 10 the 

c in fig. SI, perhaps 
Breeing backend Aco toned mocaten lower 
© ereningtormard gion, Thus, the 


82), This fault 
nwer splay fault shown, 
Jicating that slip along the 
sult is still occurring. in the southwest re- 


sult does not everywhere props 
gate all the way 10 the surface; however, the 
displacement of this older thrust block during & 
great earthquake would wenerate a large tsunami, 


even without a sea-tloor break (9), 


eration of 
ermining 
pate xray exactly where slip is apportioned on the splay 

imegatrevat frontal décollement system. The amount of mo 

Fig. 4. (A to ©) Summary diagram showing the development of the Nankai accretionary prism in tion along the me 
the Kumano Basin area. After “normal” in-sequence thrusting and building of an accretionary tude of tsunami generation, and we presented 
prism, an out-of-sequence (splay) fault system broke through at the back of the prism. a, b, and ¢ scveral lines of evidence 10 indicate that the 
Tefer to sequential sedimentary sequences. zasplay system is actively accommodating 
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appreciable component of plate boundary motion 
‘The most compelling evidence connecting the 
megasplay to the recent tsunamivenic slip isthe 
‘geographical coincidence with the updip temmi- 
nation of slip during the 194 Tonankai event, as 
inferred from tsunami (7, 26) and seismic (27) 
\Wavefonn inversions and recent structural studies, 
‘These studies all suggest that th play may 
have experienced coseismic slip, so our discovery 
of recent movement along a strand of the 
megasplay system is strong evidence that lends 
‘support to this interpretation. 

Inversion of earthquake seismicity data shows 
that rupture in the Tonankai earthquake initiated 
near the downdip end of the slip area and 
propagated updip (23), Inversion of tsunami data 
(17) cannot adequately distinguish contributions 
to wave generation fiom interplate slip along the 
déeollement or along the splay fault during the 
Tonankai earthquake, but results favor slip along 
the splay fault. Because of the modeling tech- 
niques employed, the vertical resolution of the 
Upalip extent of both coseismic slip and tsunami 
source area is relatively poor, The horizontal res- 
‘olution i better, however, and the slip inversions 
‘suggest that rupture didnot propagate tothe trench 
but terminated close to where the megasphay in- 
tenets the surface (7, 23). As rupture ap- 
Poached the surfice, it coukd have (i) continued 
along the basal décollement, dying out in soft 
sediments of the outer accretionary wed 
propagated up the megasplay. Kame ef al. (22) 
modeled this scenario using an clastodynamic 
ht formulation and concluded that coseismic 
slip on the megasplay branch is favored over the 
basal décollement and that simultancous slip on 
both is unlikely, This mechanical argument, com 


bined with the tsunami souree modeling and our 
‘current observations, suggests thatthe megasplay 
thrust system is presently a part of the “plate 
‘boundary faul.” as defined by megathrust earth- 
‘quake rupture (Fig. 4). 

We have shown that the most active fut in 
the prism is the megasplay and that there is less 
activity on the frontal décollement. This splay 
fault represents one single fault that is continuous 
from the deep seismogenic zone up to the sur- 
face. This observation supp the suggestion by 
Wang and Hu (21) that the velocity-strengthening 
behavior of the frontal dcollement causes the 
slip to concentrate along the megasplay during 
‘great earthquakes. As the mechanical boundary 
between the inner and outer accretionary wedge 
(22), the megasplay coukl thus be seen as 
(deformable) backstop for the outer 
Major slip along a fault with the geom- 
try of the megasplay during great earthquakes 
thus increases the potential for tsunamis and 
explains why this and some other margins foster 
‘tsunami generation whereas still others do not. 
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Rise and Fall of Species Occupancy in 
Cenozoic Fossil Mollusks 


‘Michael Foote,”* 


mes S. Crampton,” Alan G. Beu,? Bruce A. Marshall,” 


Roger A. Cooper,” Phillip A. Maxwell,*t lain Matcham? 


In the time between speciation and extinction, a species’ ecological and biogeographic 
footprint—its occupancy—will vary in response to macroecological drivers and historical 
contingencies. Despite their importance for understanding macroecological processes, 

‘general patterns of long-term species occupancy remain largely unknown. We documented the 
‘occupancy histories of Cenozoic marine mollusks from New Zealand. For both genera and species, 
these show a distinct pattern of increase to relatively short-lived peak occupancy at 
mid-duration, followed by a decline toward extinction. Thus, species at greatest risk for 
extinction are those that have already been in dectine for a substantial period of time. 

This pattern of protracted rise and fall stands in contrast to that of incumbency, insofar as 
species show no general tendency to stay near maximal occupancy once established. 


higher, varies over time in the size of its 
ooiprint on Earth. For example, Homo 
Sapiens has spread from a minor species 
‘occupying a spot on the globe to complete 
dominance in many environments, whereas the 


E= biologic group, at species rank and 
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phylum Brachiopoda has declined in species 
richness, numerical abundance, and range of 
‘occupied covironments since the Paleozoic Era. 
Such observations are part of the basic narrative 
‘ofthe history of life. What is virtually unknown, 
however, is whether there is any overarching 
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regularity to the waxing and waning of spect 
although a number of models, with varying pre 
dictions, have been proposed on the basis: of 
limited available evidence {summarized in (/, 2) 

Within marine invertebrates over the Phan- 
erozoic Eon, species richness, fhe 
currence, and geographic range i 
decrease nearly symmetrically on average over 
the duration of a genus (3), although certain 
subsets of genera show asymmetrical pattems 
G. 1). The pattern of regular increase in goo 
graphic range has also been demonstrated for 
Ordovician marine invertebrate genera (5). A 
suney of Late Cretaceous mollusks fiom the 
Gulf and Atlantic coasts of the United. States 
found that geographic range and geologic ton- 
gevity are correlated and that species originating 
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shortly before the end-Cretaceous extinction had 
«a statistical distribution of geographic ranges sim- 
ilar to that of species that had ori 
longer span of time kading up to the latest 
Cretaceous. These observations were used to 
infer that individual species tend to reach max 
imal geographic ra 
(6). It is not known whether the differenc 
between species and genera reflected in these 
studies holds in general. If so, it coukl come 
about because the rise and fall of a genus de- 
pends both on the pattem within constituent 
species and on temporal changes in the number 
‘of species within the genus (3, 5) 

mine the history of species and genera, 
wwe analyzed Cenozoic marine molluscan data 
within the Fossil Record File [FRED (www 
{red.ong.z/)]. This comprehensive archive of the 
New Zealand! fossil record provides & compila- 
tion of taxonomic lists from fiekl-based collec 
tions tied to specific localities (7). One strength 
set is that the species in 8 
Cf the collections were identified by just three 
paleontologists (A. G. Beu, C, A. Fleming, and 
J, Marwick), offen working in collaboration: thus 
taxonomic consistency is high, The FRED dats 
downloaded in March 2007 and comprised 
collection lists [see supporting online ma 
I (SOM)}, From these we eliminated the fo 
lowing: (i) Taxonomic ists for which the identifi 
‘oF taxa in the collection is unknown or of doubxfl 
reliability. (i) Collections that coud not be as- 
signed to a single New Zealand stage on the basis 
‘of their paleontologically or strat ly 
termined age. (il) Collections from northernmost 
New Zealand that represent a biogeographically 
distinct warm-water fina that is constrained by 

brie? interval of time (21.7 


S18). The resuling dat 
were futher edited with a variety of automated 
and manual procedures (9) (SOM). After these 
adjustments, our data set comprised 3974 ool 
Jections containing 29.361 occurrence recontls of 
3 species and subspecies and 608 genera 
ener. OF these species, we conserva- 
tively retained 140 extinet, well-sampled! species 
that collectively span 17 stages ant about 40 
years (My) (SOM), 
nis work has found correlations 
bundance, foal biogeoeraphic ran 


and the proportion of that range actually oc 


ccupied (3, 10-12}: we th jude all these 
‘concepts under the term “occupancy.”” Lacking 
reliable data on numerical abundance, we oper 


species occurs. This measure correlates 
‘well with geographic ‘our data (figs. SS 
and $6), Except 
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low numbers of collections, this measure, as a 
simple proportion, is essentially unbiased by the 
number of collections (figs. S15 and $16). In 
‘order to follow the full history of occupancy of 
cach species, we considered only thase species 
that are extinet (SOM), Given that over 98% 
(138 of 140) of the species we studied are 
endemic to New Zealand, we have documented 
nearly the entire history of this set of species. 
Occupancy histories can be severely biasod 
by sparse species, which perforce 
tend to be at or near maximum occupancy at 


‘Occupancy (scaled to maximum) 


Al 
Yih 


oa 
Dh tL 
ws wat ly ol, 


their times of fist and last appearance, but near 
za in between (3), Foe this reason, such species 
cannot yield meaningful occupancy histories. We 
therefore restricted the analysis to species with 

high estimated sampling probability, namely those 
that occur at least once in every stage within 
their stratigraphic range, although less stringent 
culling yields similar results (ig. S10), Given 
this protocol, and the nature of the fosil recon 
itself, our main analyses strictly apply to the 
best-sampled species, which are likely t0 be 
the mast widespread and abundant species and 
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Fig. 1. Empirical occupancy histories of Cenozoic molluscan species of New Zealand. Species are keyed 
to table 51; for example, species number 16 in table $1 is in row 1, column 6 in this figure. Durations 
are scaled to unit length from the base of the stage of first appearance to the top of the stage of last 
appearance, with the given numerical ages in millions of years ago (Ma) based on (27). Each occupancy 
history is scaled to its maximum. Species showing a relatively short-lived peak in occupancy away from 
the endpoints of the stratigraphic range are shaded. 
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also the ecological dominants. Large-scale bio- 
gcographic pattems are apparently determined 
disproportionately by common species rather than 
rare ones (/), and we therefore expect our data 
to capture general trends. We find similar tem 
poral pattems in oecupancy and veographic range 
if we do not cull the data to remove the more 
sparsely occurring species (SOM). 

Because the stratigraphic resolution in our 
data is at the stage level, no variance in oc- 
‘cupancy within stages can be detected and lithe 
information on occupancy history can be gleaned 
from short-lived species. We therefore restricted 
‘our analysis to species with a range of three or 
more stages, although we find compatible results 
if we include all but single-stage taxa (SOM). In 
addition to documenting occupancy histories for 
individual species, we characterized the average 
‘oceupaney of all species. To aggregate data on 
species with different durations, we sealed the 
stratigraphic range of each species to unit length 
(3), We calculated the height of the average 
spcies oecupaney history at each point in scald 
time as the mean occupancy of al species at that 
time (SOM). We estimated the uncertainty about 
this average eceupaney history by a bootstrap 
resampling procedure (SOM). We applied the 
‘same protocol to genera 

"The occupancy histories for individual species 
exhibit a variety of shapes (Fig. 1), The most 
‘common tendency is for aeeupaney to increase 
from the time of first appearance, to attain a 
relatively short-lived maximum sometime be- 
tween the stages of first and last appearance, and 
to decfine from this maximum to the time of last 
appearance (1). Roughly S6% of species (78 of 
1/40) exhibit this pattem, a high proportion given 
that there are several altematives: 22 species 
(16%) peak in their stage of first appearance, 20, 
(14%) peak in their last stage, and 20 (14%) 
show equivecal pattems. The predominance of 
species showing the rise-and-fall pattern holds if 
we consider only those species in which the 
dliflerence between minimum ark! maximum oc- 


cupancy is statistically significant (fig. S11). 
Statistical analysis of times of peak occupancy 
shows that these are significantly concentrated 
toward the middle of species’ durations (table S3). 
There are many individual exceptions and am- 
biguous cases, but the average species history 
(Fig. 2) shows thatthe tendeney to reach a peak 
at mid-duration is a general feature of species 
level occupancy. The average occupancy history 
Cf species deviates substantially fom the nli- 
tively constant pattem that would be expected if 
occurrences within the history of individual 
species were distributed in proportion to the 
‘overall number of occurrences within cach stage 
rather than the relative position of that stags 
within the species’ history (fig. S12). It is 
possible in principle that the proportion of sites 
‘occupied by a species is constant while its local 
abundance, and therefore its probability of de- 
tection, varies over time in a regular way that 
parallels the occupancy histories we have docu 
mented. This would not be an artifct but rather 
woul! reflect biologically meaningful variation 
in an important aspect of occupancy. 

Individual and average species occupancy 
histories in the New Zealand Cenavoic are sim- 
ilar to those for genera (Fig. 2 and fi. S4), 
Because genera consist of multiple species, the 
amplitude of the genus curve is higher than that 
for species. Genera show an carlice peak in 
average occupancy, but because the number of 
taxa. suitable for our genus-level analysis is 
small (SOM) and the sampling varianee conse- 
‘quently lange, this difference in the location of 
the peak may not be biologically meaningfil 
Because species are shorter-lived than genera, 
they rise to maximum occupancy more rapidly 
in absolute terms, but this rise is: nonetheless 
protracted over several million years (/4), At 
their time of extinction, species, like genera, 
tend to have been in decline rather than being 
truncated by extinction events at or near their 
maximum occupancy. As expected given the 
correlation between occupancy and geographic 


Fig. 2. Average occu- 
pancy history of Cenozoic 
‘molluscan species (thick 
curves) and genera (thin 
‘curves) of New Zealand, 
with durations scaled to 
unit length from the base 


‘of the stage of first ap- 
pearance to the top of 
the stage of last appear- 


ance (7), The solid curves 
are the smoothed aver- 
ages of the level of occu 


pancy of all taxa at 100 
evenly spaced, interpo- 
lated points between the 
times of first and last 


appearance (SOM). Dashed curves show 1 SE on either side of the average, as estimated from 3 
bootstrap resampling procedure (SOM). The horizontal lines show the overall mean occupancy of all 


taxa over time, 
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range (figs. SS and $6), average histories of goo 
graphic range are similar to occupancy histories 
for New Zealand Cenozoic mollusks (figs. S7 
and SS), Our results broadly agree with patterns 
seen in Cenozoic species of unicellular marine 
plankton (75), a few late Cenozoic mammal 
species fiom aly (/6), and a larger simple of | 
European Neogene mammal genera (17), but 
they disagree with previous suggestions. that 
species attain their maximal geographic ranges 
shomly aller they originate (6), 

Because taxa that become extinct at a given 
point in time are preferentially those that have 
declined in occupancy and geographic range 
relative to an earlier peak, our results imply that 
the prior history of a species is an important 
determinant of its risk of extinction, and they 
support the notion that presence over a greater 
geographic range helps to confer extinction re 
sistance (/7), Because species tend to take about 
a long to increase 10 peak occupancy as 10 
dcerease 10 extinction, our results also suggest 
that neither the first nor the last appearance ean 
be assumed a priori to be a substantially better 
biostratigraphic datum in general (8), 

Easy dispersal is a component of many eco- 
Jogical models that predict substantial shifts in 
geographic range over short time spans (19), In 
accord with this, rapid range expansions in the 
present day are well documented (2), The con- 
trast with our results suggests that different pro 
cesses may control occupancy and geographic 
range on ecological versus geological time scales, 
Perhaps factors such as dispersal and compet- 
itive ability enable species to rapidly fill the 
ccological and geourapie space available to them 
at any moment, whereas this space in tum is 
strongly controlled by slowly varying geological 
processes such as maine transgression and 
gression (20, 22). It is also likely that many 
species’ ranges are in ux today in response t0 
more rapid anthropogenic forcings and to post- 
Pleistocene deglaciation and related changes 
22,23). 

Finally, ecological incumbency, or the tend- 
ency of taxa that already occupy a niche or 
adaptive one to resist displacement, is come 
monly invoked to explain the persistence of 
certain higher taxa over geological time, even 
in the face of apparently superior competitors 
24-26). IF incumbency were generally impor 
tant atthe species level, we would expect 0 see 
most species persisting for long times at or near 
maximal occupancy. Our findings donot bear 
this out, 


References and Notes 

1 KC} Gaston, TM. Blackbur, Potiem and Process ia 
Mocroeclogy (Blackwell Science, Oxford, 2000). 

2. KJ. Gaston, The Structure and Dynamics of Geographic 
‘Ronges (Oxford Univ. Press, Oxford, 2003). 

3. M Foote, Polebiolgy 33, $17 (2007). 

4. W. iesing,M. Abethan,j.Biogeog. 34, 1473 (2007). 

5. A Lille, Pokobilogy 23, 410 (1997). 

6. Jblons, Science 238, 360 (1987). 

7. 1S. Campton et ol, Science 302, 358 (2003) 

1.5. Campton et ol. Pleobiology 32, 509 (2006), 


16 NOVEMBER 2007 


| REPORTS 


9, 1.5. Campton et ol, Polaios 21, 86 (206). 

10. ALT. rot, ML). Atri, A.A Ronen, A. Fagg0, 
Ecogiophy 27, 643 (2004). 

1, | Jes, ML Fortius Am. Not 164, 614 (2008) 

12, TM. Blackbur, P. Cassy, KI. Gaston, Anim, Ecol 
75, 1426 (2006). 

1B, C Mara, DR, Roberson, cology 86, 1771 (2005), 

14, The geological durations of species in our analysis, 
from the base ofthe stage of fist apperance tothe top 
‘tthe stage of lst appearance, vary from 2.01 32 My, 
witha median Let SE (SOM) of 87 = 04 My 27 
Median ducabons ate 9.3 & 0. My fr the shaded 
‘species in Fig. 1, and 83. 0.4 for the remaining 
species. The median time taken to atain peak accypancy, 


{and 4,62 0.46 My for the remaining species. The median 
‘time between the midpoint of the peak stage and the top 
‘ol the stage of lst appearance i 4.5 = 0.3 My fr all, 
species, 4.6 Oy for the shaded species in Fig. 1, 
and 4.5 0.6 My for he renaiing species he subnets 
of species are statistically indstingishable rm each 


caer in median duration, te from fist appearance to 
‘peak ocrupancy, and time from peak ecupancy to lst 
appearance GOW). Nor are there any significant 
‘ilerences betaen the median time from fst 
‘appearance to peak and the median time from peak 
1 last appearance GOW). 

15. LH. Uw, MC Stenseth, Proc R Soc London Sr. 8 


26, 0, jalan, Poleobiology 26 (suppl. ), 15 (2000. 

27. RA Cooper, Inst. Geol. Meck. Sc, Monogr. 22,1 (2008), 

28. We adinonledge the use of infomation contained inthe 
New Zealand Fest Record File. CM. Joes assed 
sith data preparation We ate grateful for discussions 
with AP. Allen, CK. Boyce, J. H.Bronn, PG. Hark, 
6. Hunt 0. Jablonski, W.Kiesing. LH tion, 


274, 2745 2007) MLA MePeck, AL lle, M. Novak, 5. Peters, 
16 P.Raia, C Melt, A oy, C. Barbera, Evol Ecol Res FM Richter, RC Tey, 5. C. Wang, and M. Webster 
8, 181 2008. This work was supported by the Marsden Fund (contact 


17, Dbl, Poleabiclogy 34, 192 (2005), 

18. KO. Mann, H.R Lane, Es, Soc: Econ Poleonio Mineo. 
Spec Pb. $3 (195). 

19. HLA McPeek, Polorontology 50, 111 (2007) 


(G4SO408) and NSF (grant EAR 0105609). LF 
gate for the use of facies at GNS Science, whese the 
majority ofthis work was cared out. 


Supporting Online Material 
2.0 it Peto 63770980, Sa ctneag nen iAINSI5925 10 
: “Materials and Methods: 

2218.6 son KG Jhon, Plecbilogy 26 ped 

‘aro. 8, 221 (2000, = 
23, 5. Jackson, |. Overpeck, Paleobiology 26 (uppl. 4), TE 

se Tiles 31053 

Aedes 


24 MLL Rosenameig, RD. McCord, Paleobiology 17, 202 
ave. 
25, 0. Jabloni, J. |. Sephoi, Ecology 77, 1367 (1996). 


1 June 2007; accepted 27 September 2007 
10:1126/cience. 1146303 


Transgenerational Plasticity Is 
Adaptive in the Wild 


Laura F. Galloway" and Julie R. Etterson” 


Plants exhibit adaptive responses to tight, but it is not known whether parental plants transmit 
‘environmental cues that elicit adaptive responses in offspring. We show that offspring life 
history (annual versus biennial) is influenced by the maternal light environment (understory versus 
light gap). This transgenerational plasticity is adaptive when offspring are grown in their maternal 
light environment, where seeds typically disperse. Projections of population growth show that 
plants that are appropriately cued for their light environment through maternal effects have 

3.4 times greater fitness than otherwise. Transgenerational plasticity has evolved in response to 


natural var 
with heterogeneous environments. 


11 onganisms experi ronmental 
Ai tssres: Sst 

variable environments, but those that 
cannot move require other mechanisms 40 en- 
sure success, Plants have litle choice in their 
growth environment, and seed dispersal is often 
Fimited, with most seeds falling relatively close 
to the maternal plant (J, 2). Thus, a seeding’s 
growth environment may frequently be similar 
to its mother's, especially where habitat putches 
‘are constant between generations and larger than 
the scale of seed dispersal. Under these condi- 
tions, adaptive maternal cues elicited by the lo- 
cal habitat may evolve if they increase offpring 
fitness (3). In a heterogeneous environment, fhex- 
ible maternal effects will confer a greater fite 
ness advantage than fixed genetic specialization 
to local habitats (4, 5), because gene move- 
ment between habitats through pollen may 
result in sampling different environments be- 
tween generations, 
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tion in light and provides a flexible mechanism by which sedentary organisms cope 


Plants respond to heterogeneity in the 
mediate environment through plasticity. This 
plasticity may be adaptive, enhancing individual 
performance (6), oF simply a passive consequenc 
‘of resource limitation (7. 4), Plasticity may also 
‘occur between generations if the parental envi- 
ronment influences the expression of offspring 


traits. Transgenerational plasticity in response 
to maternal environments is common in plants 
(9-12), and matemnal effects may inerease ma 
tema fitness (/0). There is lithe evidence that 
transgencrational plasticity enhances offspring 
fitness in plants, although conditions, such as 
sedentary growth form, spatially patchy habitats, 
and limited seed dispersal, favor its evolution 
(20, 13), The demonstration of adaptive mater- 
nal effects requires that (i) the maternal envie 
ronment influsnces offspring trait expression, 
(ii) these matemal influences are_ genetically 
based, and (iii) matemal effects enhance off 
spring fitnes ; 

‘Campanulastrum americanum is mono 
carpic herby whose populations span_distinet 
light environments and include annual and bi- 
cnial life histories. Seeds that germinate in the 
fall are annuals, whereas those germinating, in 
the spring are biennials and flower during theit 
second summer, Annual and biennial plants co 
occur, and an individual's sceds may: germinate 
i either or both seasons. We hypothesized that 
adaptive matemal effects may influence the tife- 
history schedule, because germination time de- 


Table 1. Analysis with generalized linear models of the influence of offspring life history and of 
matemal and offspring light environment on fitness components in C. americanum. For seedling yield, 
life history indicates the probability of germination and early survival as annuals and biennials. Dashes 
indicate factors not included in the model. *, P < 0.10; t, P < 0.05; $, P< 0.01; §, P< 0.001. 


Rosette Adult 


—r awveel «— survinal Fruit oo Seeds = fruit 
‘ (a) (a) 
Life history (LH) 13.45, = 41.136 14556 
Offspring tight (OW 10.40 0.00 39.098 16894 
‘Maternal light (MU 2.86" 0.00 0.41 031 
OL x ML 8.86¢ 198 023 0.06 
OL x UH 947.805 : 016 078 
‘ML x LH 761% 3 0.63 0.40 
OL x ML x UH 02 - os 0.00 
Block 845.265 1989 250t 170+ 
Herbivory : : - 9.025 0.80 
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temmines ie history and mutemal effects. are 
usually strongest in seeds (9, 10). To evaluate 
possible adsptive matemal effects, we asked (i) 
Whether maternal fight environment influences 
ollipring life histor, (i) if there is genetic var 
iation for maternal light effects, and (i) whether 
these matemal effects increase offspring fitness. 

Our central hypothesis. was that offspring 
fitness would be enhanced when plants were 
{grown in the same light environment as that of 
the matemal plant, C americanum individuals 
either grow in the forest understory, which re- 
ceives no direct sunlight, or in tox-fll fight was 
and are in full sunlight for part of each day. On 
average, light gaps receive 10 times the imadiance 
as understory habitats (/4) (fig. SI), Plasticity to 
light is relatively well understood at the pheno 
typic and molecular level (/5), and plastic shade~ 
avoidance responses are offen adaptive (76, 17). 
Light gaps ye relative w the scale of C 
americanum’s seed dispersal (3), therefore of 


spring typically grow in the sume light envi- 
ronment as that of their mother. It is less likely 
that offipring share their fathers light environ- 
ment, because C. americanum outcrosses (18) 
and is pollinated by bumblebees (79) that forage 
over areas encompassing both understory and 
light-gap habitats. 

We pollinated fullsib mothers in the 1wo 
‘environments with the same sire to ercate ge 
netically similar offspring that differed in their 
smatemal light environment. We planed sceds in 
light-gap and understory arcas of the population 
with a partial reciprocal transplant experimental 
design (4), Both maternal and oflpring Hight 
environments influenced the number of annuals 
and biennials that germinated and survived as 
seedlings (scodling yickd). Most sceds in light 
‘gaps germinated in the fall as annuals, and mest 
sevds in the understory germinated in the spring 
as biernials (offspring light; Table 1 and Fig. 1). 
Seedling yield was also determined by the ma- 
femal light environment (offspring light 
mmatemal fight; Table 1). Seeds in light gaps 
had greater germination rates and carly survival 
if their mother was from a light gap for both an- 
nals (offpring fight * maternal light; F= 7.14, 
P< 0,008) and biennial (matemal light; F = 
4.42, P< 0104 Fig. 1). Sceds in the understory 
had greater germination and survival if their 
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Fig. 2. The influence of maternal and 

light on the number of annual (fall-germinating) 
‘and biennial (spring-germinating) C americanum 
seedlings. Matemal and offspring plants. were 
‘grown in forest understory of light-gap habitats. 
Seedling yield (= SEM) is the percentage of seeds 
that germinated and survived through the seed- 
ling stage of the life cycle. 
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Fig. 2. (A) The contribution of annual and bien- 
nial life histories to projected population growth 
in C. americanum in forest understory and light- 
‘gap habitats. (B) Projected population growth 
‘when offspring are grown in their maternal ight 
‘environment (match) or when the light environ- 
ment is switched between generations (mismatch). 
{Natural populations are expected to have growth 
rates (.) of near unity; larger growth rates are a 
product of experimental conditions favoring ger- 
mination and survival] 


Table 2. Mean (SEM) rosette survival, adult survival, fruit number, and number of seeds per fruit 
for C. americanum growing in light-gap and understory habitats. N.A., not applicable. 


Annual Biennial 
Light gap Understory Light gap Understory 

Rosette survival (%) NAL NAL 969 m4 

‘Adult survival (%) 698 50.0 63.0 83.3 

Fruit number 38.1 (25) 3.103) 192.9 (9.6) 35.0 (1.0) 

Seeds per fruit 25.5 (1.1) 81.4) 38.1.0) 25.4 (0.6) 
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‘mother was from the understory, but this was 
tue only for annuals (Fig, 1), Matemal effects 
influenced offspring life-history schedule and 
‘enhanced offspring germination and_ survival 
when seals were grown in the same 
vironment as that of their mother for three of the 
four combinations, 

We evaluated the performance of annuals 
(fall germinating) and biennials (spring germi- 
mating) in understory and {i 
manipulating life history such that annuals and 
bbiennials bloomed in the same year (/+), Seeds 
‘were obtained from matemal plants that were 
reared in understory and light-gap environments. 
‘These seeds were germinated under controlled 
g 50 that they expressed a 
history. Seeds germinating in the 
fall were used as annuals. Biennial and annual 
seedlings were transplanted in subsequent years 
into light-gap and understory areas of the natural 
population, Matemal fight environment didnot 
sliecly influence adult fitness traits (Tables 1 and 
2). In contrast, offspring growth environment 
affected almost all fitness: components. Adult 
survival was greater for annuals in light gaps 
and for biennials in the understory (offspring 
light » lif history; Tables 1 and 2), mirroring 
seedling yickd, Plans in igh-gap habitats had at 
last S.S times greater fruit production and 1,$ 
times ay many seeds per fiuit as understory 
plants (Tables 1 and 2). 

We compared the fitness of annual and bie 
cnnial plants in each light environment using 
population projection approach, In most mono 
ccupie plants, fitness is measured as fecundity, 
‘with individuals that do not survive to reproduce 
scored ats zero, However, in C. americunum, pop 
‘lation growth rate (2), estimared by projection 
matrix analysis, is a mere appropriate measure 
than fecundity because of the differences in life 
span between annuals and biennials. The con- 
tribution of annual and biennial life histories to 
population growth was determinal with demo- 
sxaphic loop analysis (/4, 20), where the loop 
clasticity indicates the proportion of popula- 
tion growth contributed by cach life history. 
93.5% of the projected population growth 
fight gaps is duc to annuals (Fig. 2A), despite 
the greater fivit and seed production of biennials 
(Tables 1 and 2). In contrast, annuals growis 
in the forest understory contribute only 0.3% to 
population, growth, Overall, projected popula- 
tion growth is larger in fight gaps than in the 
‘understory (Fig. 2A), Greater frequency and fit- 
ress of bicnnials in lightlimited regions of the 
population, and annuals in fight gaps where re- 
sources are more abundant, support predictions 
of life-history theory (2/, 22) and suggest that 
scasonal germination plasticity, in response to 
the ambient light environment, enhances fitness, 
Furthermore, the differential performance of 
annuals and biennials between light habitats 
indicates that environmental heterogencity 
helps maintain the polymomhic life history 
in this species. 
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To determine the adaptive value of matemal 
Tight effects, we analyzed i in plants with both 
matching and mismatched maternal and off 
spring light environments. Frequency and fit 
ness Were greater for annuals in fight gaps and 
bbiennials in the understory. The projection 
matrix mimicked these conditions with data for 
annuals from seeds of sunfight-grown mothers 
planted in fight gaps and for biemnials from 
seeds of shade-grown mothers planted in the 
understory (I4). The conditions of a second 
Projection matrix were the same as those of the 
first, except that offipring were not grown in 
their mother’s environment. A demographic 
loop analysis was conducted on cach matrix, % 
for mismatched matemal and offspring environ 
ments was kes than a third of that when they 
matched (Fig. 2B), indicating that_ maternal 
environmental effects enhance offspring 
Ve tested whether maternal fight efleets were 
{genetically Variable, focusing on germination of 
light-gap annuals and understory bicnnials from 
nities with all combinations of matemal and 
‘offipring environments, The effect of the ma- 
ternal light environment on the proportion of 


fall-yerminating seeds in light gaps and spring- 
_getminating seeds in the understory varied among 

(life history * family * maternal tight; 
72° 37.20, d= 1, P< 0011: table SI), indicat 


ing genetic variation for maternal environment 
effects on seedling traits that influence fitness. 
‘We demonstrated that offspring have greater 
rates of germination and early life survival when 
planted into their matemal environment and that 


these early life effects influence fitness as mea- 
sured by 2 Because seed dispersal is limited, 
most C. americanum individuals will experience 
their matemal light environment. Maternal effects 
that enhance performance in this environment 
represent transgencrational adaptive plasticity 
and allow for phenotypic adaptation 10 Jocal en- 
Vitonmental conditions. In plants, which tack 
the ability to escape their environment, matemal 
cllocts may serve as a. form of environmental 
‘cuing between generations that enhance ofsprin 
performance. Matermal environmental effects 
should be favored over fixal specialization when 
genes move between environments via pollen 
‘and occasionally via sced. Seeds that disperse 
‘outside the matemal environment will suffer 
reduced fitness for a gencration, but recovery is 
expected. im locally produced offspring. As 
such, matemal effects represent a Nexible evolu- 
tionary mechanism for sedentary onganisms 10 
cope with heterogencous environments, 
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Widespread Monoallelic Expression 
on Human Autosomes 


‘Alexander Gimelbrant, John N. Hutchinson, Benjamin R. Thompson, Andrew Chess* 


‘Monoaltelic expression with random choice between the maternal and paternal alleles defines an 
unusual class of genes comprising X-inactivated genes and a few autosomal gene families. Using & 
‘genome-wide approach, we assessed allele-specific transcription of about 4000 human genes in 

clonal cell lines and found that more than 300 were subject to random monoallelic expression. For 


a majority of monoall 


genes, we also observed some clonal lines displaying biallelic expression. 


Clonal cell tines reflect an independent choice to express the maternal, the paternal, or both alleles. 
for each of these genes. This can lead to differences in expressed protein sequence and to 
differences in levels of gene expression. Unexpectedly widespread monoallelic expression suggests 
‘a mechanism that generates diversity in individual cells and their clonal descendants. 


summed that the matemally and patemally 
rived copies ofeach gene are simultaneous 
ly expressed at comparable levels. However, there 
are exceptions where only one of the alleles is 


I diploid eukaryotic onganisms, it is generally 
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expressed. Moncalllically expressed genes fill 
ino three distinct classes. One class is the 
autosomal imprinted genes (such as JGF2 and 
H19) whose moncallelic expression is regulated 
in a parentoforigin-specific manner (7). A 
second class is X-inactivated genes regulated by 
random process: Early in development, around 
the time of implantation, half of the cells 


inactivate the matemal X chromosome and half 


inactivate the patemal X chromosome (2). A 
third class is autosomal genes suibject to random 


monoallelic expression (3-9) 
‘xlorant receptor genes, as well as genes 
the immunoglobulins, T cell receptors, imerteu- 
kins, and natural kllercell receptors. For genes in 
this class, some cells express the matemal allele 
and other cells express the patemal allele, For 
some genes, cells expressing both alleles ate also 
present {ez members of the interleukin zene 
family (5, 6)]. This third class was considered to 
comprise isolated examples of genes involved in 
the immune or nervous systems. Here, we present 
the development of a method for genome-wide 
identification of such genes, which revealed that 
more than $% of assessed genes were subject to 
random monoallelic expression, 

‘To camry out a genome-wide search for genes 
subject to random monoallelic expression, we 
used the Aflymetrix Human Mapping 500K 
array set, modifying the protocol to allow 
‘examination of RNA rather than DNA (10) (fig. 
SI). The locations of single-nucleotide poly- 
‘morphisms (SNPs) on the Affymetrix 500K 
SNP array are arbitrary with respect to locations 
within genes, with ~1% falling within exonie 
sequence and ~36% within intronic sequence. To 
allow the use of intronic SNPs, we purified nuclei 
s0.as to enrich intronic RNA. This RNA was then 
converted into double-stranded cDNA and used 
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in place of genomic DNA in an Affymetrix 
_genotyping protocol (figs. S110 $4 and table SI). 
‘The search also took advantage of the observa- 
tion that once a cell has decided to express one 
‘of two alleles (both in the case of X-inactivation 
and inthe examples of autosomal monoallelic 
expression), the clonal descendants of this cell 
maintain the choice (2, 5, 6, 8, 9, 11), Because 
normal human B-lymphoblastoid cell fines are 
polyclonal, we derived clonal cell lines using 
single-cell cloning, 

The overall approach thus generated 
“transcriptome-derived genotypes.” which we 
‘could compare to the regular genotype obtained 
from genomic DNA from the same clonal cell 
‘A homozygous transcriptome-<erived zeno- 
type in the context of the same SNP yiekling a 
heterozygous genomic DNAxderived genotype 
served to identify monoallelic expression, We 
developed an algorithm that used genotyping 
calls from independent replicate hybridizations of 
DNA fiom each clonal cell Tine, To be eon 
servative, We applied a number of filters to the 
dita (/2), ‘These hers discarded potentially 
interesting observations (imprinting and allelic 
imbalance due to cis regulatory sequence poly- 
morphism) but were essential to avoid possible 
eDNA genotyping artifacts. Overall, ~10% of 
SNPs were reliably called fom cDNA; this was 
‘expected, because most of the other SNPs are 
likely present in regions of the yenome with 
ingullicient transcription in the B cell lines we 
analyzed (13), 

In a proofotsprinciple analysis, our ap- 
proach detected the chromosome-wide nature 
‘of X-ingetivation in female clonal cell fines 
[including its subthe properties (14-16 and 
supporting online text)| while detecting biallelic 
‘expression in nonclonal cells (Fig. 1), The X 
chiomowome is represented by S710 SNPS on 
the Nap 250 K aay. Analyzing individual H, 
1294 of $710 X-linked SNPs were heterozy- 
‘2ous, and 135 of these heterozygous SNPs were 
called in DNA fiom two oF more clonal lines 
(17), X-inactivation was also observed in clonal 
cell fines from a second female (fig. $5). The 
majority (88 of 138) of these X- SNPs 
\were within known annotated genes, whereas 
the rest were in areas currently labeled as 
intergenic regions. Nonetheless, these intergenic 
SNPs correctly report X-inactivation, Although 
allele-specific reverse transcription polymerase 
chain reaction (RT-PCR) experiments confimed 
monoallelic expression for intengenic SNPs both 
‘on the X chromosome and on the autosomes, 
we focus here on the SNPS that were within 
genes, 

Having tested the CDNA genotyping ap- 
proach on the X chromosome, we set out 10 
systematically search for autosomal genes dis 
playing random monoallelic expression. Exami- 
nation of all the SNPs within a gene allowed an 
assignment of allele-specific expression to each 
‘gene in each clone (Fig. 1B and fig. S6). Across 
the entire genome, for the genes whose tran- 
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scription we could assess, an average of 2.75 
informative SNPs were called per gene. The 
‘overall agreement between SNPs present within 
a singke gene was >98% (based on analyses of 
>10,000 instances in clones from each of three 
people). The agreement among SNPS present in & 
given gene extended t0 both exonic SNPS and 
intronic SNPs (fig SS). 

For a given gene subject to monoallelic 
expression, there are throe passible types of ex- 
pressing clones: monoallelic-patemal, monoal- 
Jetic-matemal, and (for some genes) clones 
expressing both alleles. The APP (amyloid 
[precursor protein) gene serves as an example 
of how we interpreted the cDNA. genotyping 
data in general. Additionally, APP is important 
because of its involvement in Alzheimer’s 
disease. Analyses of cDNA from clones of 
individual H1 revealed: monoallefic expression 
of APP (Fig. 2, A and B); some clonal cell 
lines displayed monoallelic expression (either 
the maternal or the patemal allele), whereas an- 
other clonal cell line revealed biallelic expres- 
sion. Individual A also displayed clear evidence 
‘of monoallelic expression of the APP gene, 
whercas individual M had only two clonal cell 
lines, each of which displayed biallelic expres- 
sion, Although this might imply that in individ- 
ual M the APP gene is expressed exclusively 
bialletically, it could also be duc to the small 
number of clones we were able to analyze for 
this individual, Direct sequencing of RT-PCR 
products, and genotyping of RT-PCR products 
‘using primerextension, both served to confirm 
monoallelic expression of APP (Fig. 2C), These 
experiments also showed that the active allele 
has at least 30 times as much expression as the 
silent allele (/0). SNPS reporting monoallelic 
expression of APP were located in multiple 
introns along most of the length of the gene 
(Fig. 2D). 

How is the level of expression of a given 
zene affected by its transcription from one allele 
‘or both? One possiblity is that the transcrip- 
tional activity of cach allele is regulated 
independently, such that having both alleles 
active leads to higher overall transcript level 
The ahemative possibility is that the cell 
maintains a desired level of transcript, whether 
fone oF two alleles are transcribed, When 
assessed by quantitative realtime RT-PCR, 
clones expressing APP from one allele, either 
patemal or matemal, had a lower level of 
expression than the biallelic chones (Fig. 2E). 
In the case of APP, this is expecially pertinent 
because higher levels of expression and APP 
‘gene duplication are associated with early-onset 
Alzheimer's disease (/8). Therefore, by con- 
tributing to diversity in levels of expression in 
individual cells and their clonal descendants, 
monoallelic expression could play a role in 
pathogenesis. 

Another example of a gene displaying 
‘monoallelic expression is the early B cell factor 
(EBF) gene. Akhough lymphoblasts are rela- 
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tively casy to subclone and thus are a natural 
subject for our analysis, we were also able to 
analyze a clone from the WI38 primary fibroblast 
fine. This clone also revealed monoallelic 
expression of EBF and a number of other zens 
(Fig, 2, fig. S7, and table S3), Analyses of EBF 
also included a control experiment showing that, 
as expected, the mature mRNA and the unspliced 
RNA display monoallelic expression of the same 
allele (Fig. 2G and fig. S8). 

To verify our results in vive, we used RNA 
fluorescence in sity hybridization (RNA-FISH) 
to detect nascent transcripts in nucki of mono- 
cytes fiom fresh peripheral blood mononuclear 
cxlls (PBMCs). DNA-FISH allowed the local- 
ization of the two alleles. We analyzed the EBF 
zene as well as the death-associated prot 
kinase | (DAPK1) gene (Fig. 2H and fig. $9). 
For bath of these genes, about one-third of the 
cells revealed monoallelic transcription, con- 
sistent with the results from clonal cell ines, 
indicating that a fraction of clones display 
‘monoallelic expression, 

Another in vivo experiment analyzed small 
(1 mun?) patches of tissue from a female placent 
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Fig. 1. Proof-of principle: detection of X-nactivation. 
(A) SNP evel view of chromasome-wide X-inactivation 
in individual clonal lines. Each column corresponds 
to cDNA genotypes from one cell line from the 
same female; each row, to one SNP. Only inform- 
ative SNPs are shown; top to bottom, in the order 
‘of ascending coordinate on the X chromosome 
[National Center for Biotechnology Information 
(NCBI) 35 assembly]. SNPs located within known 
‘genes are marked black in the rightmost column; 
the rest are in the intergenic regions. ‘¥ denotes 
pseudoautosomal region. H is the line prior to 
subcloning. (B) Gene-level view of X-inactivation 
in individual clonal tines. Each oval represents a 
gene. The active allele was assigned based on 
complete agreement of al informative SNPs within 
the gene. The center of the oval corresponds to 
position of the gene on the NCBI 35 assembly, and 
all ovals are of equal size. Brown boxes denote 
centromeres, 
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Analyses of large samples showed the expected 
biallelic expression of X-linked and autosomal 
omplkete skewing of 
0) were tentatively eon- 
onal,” and RNA fom these patches 
was analyzed with the Affymetrix $00 K SNP 


table S6). These data provide another indepen 
dent, in vivo confirmation of random monoallelic 

expression, 
Having presented a few autosomal exam- 
ples and control experiments, we now tum to 
c expres: 


hhaye at least one heterozygous SNP that w: 
notype call from cDNA. We devised 
that assigns a score 10 each gene, re 


metri 
flecting the extent to which the data support 


the conclusion that the gene is monoalleli 
expressed (10), 


platfonn, Figure 21 shows examples of genes sion (Fi 
displaying monoallelic expression in small patches 
‘of placental tissue. The data obtained from these 
in vivo “elones” were qualitatively similar to the 


data from the B lymphoblast clones (fig. $10 and 
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Fig. 2. Monoallelic expression in autosomal genes. (A) Monoalletic 
expression of APP. Columns, uncloned cell ine (H) or one of the independent 
clones; rows, SNPs, identified by color asin Fig. 1: gray, homozygous genomic 
DNA. (B) Shows only the SNPs heterozygous in genomic DNA and with CDNA 
calls, Data from two additional individuals (A and M) are included. (Q) 
Sequencing of RT-PCR products surrounding an intronic SNP, RS1783026 
(left. Mass spectrograms of single-base extension reactions on PCR products. 
surrounding the same SNP (Sequenom, right). “Pause” denotes the postion of 
‘peak distinct from either allele. (D) Positions of assessed SNPs within APP; 
homozygous (blue) or heterozygous (red) in individual H. Exons demarcated 
below the tine in black. (E) Relative levels of APP expression in monoallelic 
‘and biallelic clonal lines as measured by real-time RT-PCR, normalized to TFRC 
transcription; an average of triplicate measurement + SD. (F) A clone derived 
from primary tng fibroblasts (WI38.4) also showed monoallelic expression of 
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a genome-wide view of monoallel 
3A). On the Nsp 250 K amay, there 
are SNPs present within 11,401 
we were able to assess allele-specific transerip- 
39 genes in two or more clonal cell 


Of the 3939 genes, 2.2% (85) were called as 
smonoallelicaly expressed with muhiple inform. 
ative SNPs per gene per clone; these genes were 
grouped together as class 1. E ly 
selected genes from class I were checked by 


senes. Overall, 


F per 210 we meme — wane 
=f Be 
— 

2s 2 = 


4 P 
g ANYWAY AVIA} 


the EBF gene. (See also fig. $7.) Parental genotypes for WI38 line were not 
available. (G) Confirmation of monoallelic expression in mature EBF mRNA, 


using intron-spanning primers for amplification; SNP RS1368298 assessed. 
(H) Moncallelic expression of EBF and DAPKI in fresh PBMCs. Sequential in 
situ hybridization with probes for nascent RNA (red) and DNA (green) shows a 
large fraction of nuclei with transcription from only one allele (n = 50). Nuclei 
counterstained with 4',6 -diamidino-2-phenylindol (blue). (0) Mosaic of 
monoalletic expression in fresh tissue. Small (~1 mm?) samples, dissected 
from female placenta, were essentially onal judging by X chromosome 
methylation assay (ig. $10). Examples of monoallelic (in lymphoblasts) genes 
assessed by Nsp 250 K array in placenta are shown. Direct sequencing of cDNA 
flanking RS1440284 (TEAD1) and RS2208798 (MYO6) confirmed allelic bias 
in expression (arrows) compared with gONA and cDNA prepared froma larger 
‘sample of the same tissue. 
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Sequenom genotyping and_were confirmed 
(table S2), An additional 7.3% of assessed 
‘genes (286) were called as monoallelically 
expressed based on a single informative SNP 
pet gene per clone, or their score was reduced 
for other reasons described in (JO) these we 
group together as class I, OF six genes from 
class IT checked by Sequenom genotyping, five 
\Were confirmed (table S2). The genes from class 
and If include both B cell-specific genes and 
ubiquitously expressed genes expressed at 
typical levels in B cells (Table 1}. Although 
extrapolating {0 the entire transcriptome is 
complicated because the amiys we used are 
biased toward langer genes (as they have more 
SNPs; see fig. S11), conservative interpretation 
‘of our data still suggests that more than 1000) 
human genes are subject to random monoallelic 
expression, 

For greater than fourfitths of the monoallelic 
‘genes, some clonal cell lines displayed biallelic 
expression, These observations are consistent 
With prior studies of other monoallelic genes 
[for example, interleukins 2 and 4 (6, 8), as well 
as p120 catenin (9). Thus, the genes that display 
‘only monoallelic expression, such as odorant 
receplory and immunoglobulins, are the exeep- 
tion rather than the rule, 

‘The genes subject to monoallelic expression 
\were scattered throughout the genome (Fig, 3B), 


Within a given clonal cell fine, the choice of 
the expressed allele (maternal, patemal, or both) 
was made independenily for each gene (Fig. 
3). This is in contrast to the chromosome-wide 
‘coonfination observed in X-inactivation; it is 
also interesting given the chromosome-wide 
ccoondination of asynchronous replication ob- 
served for autosomes (19, 20), Chromasome- 
wide coordination of asynchronous replication 
timing therefore does not kead to chromosome- 
wide coordination of random monoallelic ex- 
pression. Thus, individual clones. displayed 
epigenetic heterogencity, in terms of which 
autosomal genes were monoallelic and which 
were biallelic (as well as the parent-oF-origin 
fof the expressed allele in the cases of mono- 
allelic expression). Given the large number of 
genes involved, numerous combinations are 
potentially generated by monoallelic expression 
(fig. S12). 

‘The newly identified monoalletically ex- 
pressed genes encode proteins of widely varying 
functions and tissue specificities, and some of 
them have been studied for roles in human 
disease (Table 1; sec also supporting online tex) 
This diversity notwithstanding, a dispropor- 
tionately large faction of these monoalleically 
genes encode cell surface protcins 
83) For example, examining the Gene 
Ontology category “transmembrane recep 


A cal mane 
yan an eats cuneate 
enon ity 


Fig. 3. Widespread monoallelic expression on the human autosomes. (A) Of 11,401 genes, 3939 were 
assessable; a metric G (10) assigned a monoallelic quality score for each gene for each individual. Genes 


with high (Gpax> 2. dark green) of medium (Gyax 


light green) scores are shown and are included in 


further analyses. Genes with only biallelic expressing clones are in gold. The complete list of assessed 
‘genes is in database 51. (B) Distribution along autosomes of randomly monoallelically expressed and 
bialletic genes we identified. Each marker corresponds to the postion of the gene on the NCBI 35 
‘assembly. Brown boxes mark centromeres. (C) Genedevel view of allele-specific expression on 
‘chromosome 18 in clonal cell tines from three individuals. 
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using GOstat(htp:/gostat wehiceduu) (27), the 
expected number of monoallelically expressed! 
genes would be 8 3.0%), although 24 (8.8%) 
were observed (P = 2 x 10° after Benjami 
correction for multiple hypothesis testing). The 
overtepresentation of receptors and other surfice 
proteins suggests a role for monoallelic expres- 
sion in each given cell’s interactions with other 
rcarby cells 

The evolutionary history and species spoci- 
ficity of random monoallelic expression rei 
to be determined. It is thus intriguing that the 
xgonecs we identified are more than twice as likely 
a biallelic genes 10 be located near presumed 
regulatory conserved noncoding sequences 
‘were mwcently suggested to undergo human 
lineage-specific accelerated evolution (22) (P = 
fig, $13). This observation suguests the 
possibility of human-lineage specific random 
‘monoallelic expression, 

Using a general strategy for genome-wide 
analysis of monoallelic expression, we showed 
that ~$ to 10% of assessed autosomal genes 
display random monoallelic transcription in 
human celts with stability in each clonal e 
line. Comroborating data were obtained from 
‘vivo experiments examining fresh individual 
blood cells with RNA-FISH and fiom alleke- 
specific RT-PCR analyses of small patches: of 
derived tissue from the 
1 analyses of clonal ecll 
Tines biallelic for a given gene revealed biallelic 
expression in individual cells ruling out a rapid 
switching mechanism. Further evidence for 
stability comes from our previous demonstration 
in mouse clonal cell fines that the choice of a 
single active allele is highly stable and that 
biallelic clonal cell ines give rise only to 
biallelic subclones (%. A number of unusual 
regulatory mechanisms have been observed for 
monoalleically expressed wenes (20, 23, 24), 
the most famous of which is. immunoglobulin 
gene DNA rearrangement (25), For the inmu- 
rnoglobulin gene andl few other monoallelically 
expressed genes, allele-specific DNA methyki- 
tion has been observed (26, 27). Given the 
heterogeneity in the new gonis we have iden- 
tificd, diverse mechanisms likely imptct their 
allele-specific expression. Conservative extrapo= 
lation from our data suggests that at feast 1000 
autosomal human genes are subject to random 
monoallelic expression, This monoallelic ex- 
pression can impact on biological function by 
creating three distinct cell states for each given 
gene when the two alleles encode functionally 
different proteins. These states (for each given 
ss:ne) would be defined by expression of the mae 
temal allel, the patemal allele, or both alleles. 
Monoallelic expression can also contribute to 
cellular (or clonal) diversity even without poly- 
morphism, as demonstrated by our observation 
of higher expression levels in clones expressing 
both alleles as compared with clones with monio- 
allelic expression. Previous examples wherein 
monoallelic expression has been shown 10 be 
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Table 1. Partial list of genes subject to random monoallelic expression. 
Gray i the highest score for the metric G among the three assessed 
individuals. A measure of expression level in lymphoblasts is given in 
erage raw expression level for lymphoblasts in 
HapMap set (28). Tissue specific: Ratio of the level of expression of the 
highest expressing tissue to the median expression for al tissues in GNF 


Sanger expressic 


Gene Expression Atlas (29). Using the averages for all probes representing 
a given gene, gene expression was determined to be tissue-specific ifthe 
ratio was >4. B cell specific: Ratio of the expression (averaged over all 
probes for the gene and over all replicate samples) in peripheral blood 
(CD19+ B cells and 8721 cells to the median expression of the gene in all 
tissues. See also table $4 and database S1. 


Monoaltetic 
4 Sanger Tissue B cell = 

Gene assignment Ga Che ae cite mac Description 

ABR W 1007 3270 4.0 1.27 Active BCRerelated gene 

‘APP 1 288 a1 388 3.0 0.42 Amyloid beta (AA) precursor protein 

cOCH W 1004 661 10.7 2.63 Coagulation factor C homolog, cochtin (Limulus polyphemus) 

OMT 1 270 1132 5.9 1.05 Catechol-O-methyitransferase 

crv f] 100 «2 169 2.9 0.80 Cryptochrome 2 (photolyase-tike) 

orcu10 W 1004 383 4.7 0.64 Chemokine (C-X-C motif) ligand 10 

cvP7B1 1 900 8 302 23 1.10 Cytochrome P4SO, family 7, subfamily B, polypeptide 2 

Ppa W 1002 125 1450.57 __Dipeptidyipeptidase 4 (C026) 

BF ' 1800 5 518 5.0 2.82 Early B cell factor 

PHBL ' 2783 138 4.8 0.81 EPH receptor B1 

PSB W 100032 582 5.5 0.65 Epidermal growth factor receptor pathway substrate 8 

eve ' 900 4 464 4.2 0.87 _ Ellis van Creveld syndrome 

FAH W 10015 701 12.0 0.92 __Fumarylacetoacetate hydrolase (fumarylacetoacetase) 

GHR 1 iso 5 7 9.1 5.53 Growth hormone receptor 

imoz W 1001 451 5.4 0.80 LIM domain only 2 (rhombotin-tike 2) 

MEL 1 25.00 6 707 7.6 1.49 Malic enzyme 1, NADP(+)-dependent, cytosolic 

PLDI ] 10003 a 5.6 2.28 Phospholipase D1, phophatidylcholine-specific 

PREP W 1006 558 28 1.98 Prolyl endopeptidase 

RALBPL ] 10018 737 4.71.96 ralA binding protein 1 

ROBO 1 7003 570 9.9 5.21 Roundabout, axon guidance receptor, homolog 1 (Drosophila) 

TcuUA W 10004 8235 22.0 1215 T-cell leukemiaymphoma 1A 

TIRAP W 1001 143 3.5 1.17 Tol-iterleukin 1 receptor (TIR) domain containing adaptor protein 

ust W 1006 238 3.9 0.84 —_Uronyl-2-sullotransterase 

ZNFNIAL ' 250 7 532 5.32.45 Zinc finger protein, subfamily 1A, 2 (Ikaros) 


‘essential for the proper functioning inchide the 
immune system's antigen receptors (4) and the 
olfactory system's odorant receptors (7). The 
stability of the allele-specific choice in a given 
clone taken together with clonal expansion 16 
form tissties can Kead to macroscopic patches 
‘of tissue with subily different properties, as we 
have observed in analyses of placental tissue. 
For any given tissue, the size of patehes will be 
dependent on the time in development that 
allstic choice is made, Thus, in the brain and 
‘other tissues, each individual would be predicted 
to be a mosaic with respoct to allele-spec 
expression of numerous autosomal genes, pro 
viding an epigenetic basis for functional differ- 
‘ences amonyst individuals 
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Promotion of Tissue Inflammation by 
the Immune Receptor Tim-3 Expressed 
on Innate Immune Cells 
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Charles Lei,* Rucha Chandwaskar,* Jozsef Karman,® Ee W. Su,” Mitsuomi Hirashima,” 
Jeffrey N. Bruce,* Lawrence P. Kane,” Vijay K. Kuchroo,*t David A. Hafler” 


CD4* T helper 1 (Ty) cells are important mediators of inflammation and are regulated by 
numerous pathways, including the negative immune receptor Tim-3. We found that Tim-3 is 
constitutively expressed on cells of the innate immune system in both mice and humans, and that it 
can synergize with Tol-tike receptors. Moreover, an antibody agonist of Tim-3 acted as an adjuvant 
during induced immune responses, and Tim-3 ligation induced distinct signaling events in T cells 


‘and dendritic cel 


the latter finding could explain the apparent divergent functions of Tim-3 in 


these cell types. Thus, by virtue of differential expression on innate versus adaptive immune cells, 
Tim-3 can either promote or terminate Ty immunity and may be able to influence a range of 


inflammatory conditions. 


multiple pathways that offen involve subsets 

of CD4* T helper cell, and much effort has 
been devoted to unkrstanding the key pathways 
that regulate these cells. Tim-3 was identified as 
member of the TIM (T eel immunoglobulin and 
mucin domain) family, specifically expressed on 
CDH" Tul and not T2 lymphocytes (7). We have 
shown that interactions of Tim-3 and its figand 


|: fammatory responses are regulated through 
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Fig. 1. Tim-3 expression and func 


A cotter 


play a role in regulating Ty! responses as well as 
contributing to T cell tokrance (2, 3), More re- 
ccntly, gakccin-9 was identifiad as a Time Higand 
that could dampen Ty immunity by inducing ell 
cath in effectce Ty cells (4). Morcover, TIM-3 
‘expression is low in T all clones isolated fro the 
cerebrospinal fluid of patients with multiple 
sclerosis (MS) (5). Collectively, these data suppeet 
a key role for Tim3 in regulating Ty! responses 
and human autoimmune diseases. 

In addition to its expression in T cells, Tim-3 
mRNA is present in CDIIb cells (/) and other 
non-T cell, although the functional relevance of 
this is not known (6-8). Further analysis here 
revealed that Tim-3 was specifically restricted 10 
CDIIb* dendritic cells (DCs) and not CDI" 
macrophages (Fig. 1A), Analysis of monocytes 
and DCs ffom peripheral blood of healthy human 
subjects aso revealed that human DCs expressed 
high levels of TIM-3, akhough it was also detected 
at Jow Kevels in human monocytes (Fig. 1B). 


couptcone B 


tion in innate cells. (A and B) Spleen 
cells from wild-type and. Tim-3~~ 
mice (A) and peripheral blood mono- 
nuclear cells from a healthy human 
subject (B) were stained with mono- 
clonal antibodies (mAbs) to CD11b, 
CD11c, and Tim-3 or relevant isotype 


WA 


CDItbe) 


| 
ul 


controls. Open histograms, Tim-3; 
shaded histograms, isotype contro. 
(© Splenic DCs from wild-type or 
Tim-3~~ mice were isolated and 
cultured with LPS, LPS + galectin-9, 
‘or medium. Cytokine production in 
culture supernatant was measured by 
cytometric bead array. Similar results 
were obtained in thre 


g 


control [mouse immunoglobulin G1 (IgG1)], oF LPS (1 n/m. Error bars represent SEM. Similar results were 
‘obtained in three independent experiments. (E) Human monocytes were stimulated with galectin-9 in the 
presence of blocking TIM-3 mAb or isotype control, and TNFx was measured by enzyme-linked 
‘immunosorbent assay. Similar results were obtained in 10 independent experiments. Error bars represent 


SD in cytokine, 
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dependent experiments, (D) D2SC1 cells were cultured with Tim-3 mAb, isotype i 
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We next tested the production of cytokines 
fiom wikltype and Tim-3”” DCs in response to 
lipopolysaccharide (LPS) as a positive control, 
‘or galectin-9 plus LPS. Although a small level 
of tumor necrosis factor-a (TNF-t1) was se- 
creted in response to LPS stimulation alone, this 
‘was much greater in combination with galoctin-9 
and considerably diminished in Tim3~ DCs 
Fig 10). 

“To more specifically study the effects of Tim 
triggering in DCs, we generated an antibody 
agonist of Tim-3 (anti-Tim-3) (9), Because we 
clbserved that DCs produce TNF- ex vivo in re- 
sponse 10 Tim} ligation, we stimulited the den- 


Adritic eel! fine D2SC1 with anti-Tim-3. Consistent 
‘with the previous eytokine expression data, en 
gagement of Tim-3 led to a specific induction 


of nuclear factor xB (NF-xB) (Fig. 1D), confirm- 
ing the induction of an inflammatory transcription 
factor cascade, Using a blocking anti-TIM-3, we 
observed 75% inhibition of galectin-9- mediated 
TNF-«. secretion from human monocytes (Fi 
16), Collectively, these data show that Tims} is 
ly expressed by cells of the innate immune 
both mice and humans, and th 
expression on ng. cells p 
the seeretion of proinflammatory cytokines from 
monocytes and dendritic cells. 

Peripheral bone marrow-derived monocytes 
sive ise 10 microglia in the central nervous 
system (CNS) (0, 1/), and both resident mi- 
ceroglia and infitrating monocytes have been 
shown to contrite to CNS inflammation (72) 
To explore possible TIM-3 expression on mono- 
ceyte cxlls in the CNS, we first examined its ex- 
pression in autopsy tissue from subjects with no 
‘evident inflammatory disease (9), TIM3 staining 
\was apparent in white but not gray matter paren 
cchymat on cells with a histological appearance 
consistent with microglia (Fig, 2A), Staining 
with CDI1b confined the expression of TIM-3 
‘on microglia in CNS white matter (Fig, 2B), We 
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Fig. 2. TIM-3 expression in human microglia. (A) A 
Tissue sections from white and gray matter regions 

of human noninflamed CNS tissue were stained 

with TIM-3-specific mAb (magnification, 20%). (B) 

Dual immunofluorescence of noninflamed CNS 
white matter tissue using CD11b and TIM-3 mAbs 
(magnification, 20x; insets, 40%). (C) Quantitative 
RT-PCR analysis of TIM-3 mRNA levels in microglia» 
isolated using LCM from white and gray matter 
regions of CNS tissue. Error bas represent SD in 
TIN-3 mRNA levels among five experiments. Gray 
matter microglia express significantly lower levels 
of TI-3 P = 0,02, two-tailed test), (D) Microglia 
vwere isolated from noninflamed (control) human 
CNS tissue (n= 2), normal-appearing white matter 
(NAW) regions of MS tissue (n = 2), the center 
(1 = 4) oF border (n = 3) regions of active MS 
plaques, or glioblastoma multiforme (GBM) tumor 
specimens (n = 3), and levels of TIM-3 were 
determined by quantitative RT-PCR. Error bars 
represent SEM, (E) Astrocytes were isolated by 
LOM from noninflamed white matter (n = 2) and 
from MS plaques (n = 5) from two different brain 
specimens. Galectin-9 expression was determined 
by RT-PCR. Error bars represent SEM. 
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Fig. 3. Analysis of Tim-3 on murine CNS monocytes and 
microglia. (A) CNS mononuclear cells from a mouse with 
AE were stained with CD14b, CD45, and either Tim-3 mAb 
oF rat IgG1 tsotype control. Tim-3 (open histogram) and 
isotype control, (shaded histogram) staining on CNS 
microgtia (CD45) and infittrating monocytes (CD45™) is 
shown. Numbers indicate percentage of cells in each gate. 
(B) Mice were immunized for EAE and killed at the indicated 
stages of disease. Each bar represents the mean of two or 
three individual mice, Error bars represent SEM. (C) Mice 
were immunized with 100 ig of myelin PLP 139-151 
emulsified in IFA, IFA containing 100 jg of mouse IgG, IFA 
containing 100 ig of anti-Tim-3, or complete Freund's 
adjuvant (CFA) supplemented with Mycobacterium tuberau- 
losis (4 mg/m). Immunized mice were monitored for the 
development of EAE. The mean clinical disease score in each 
group is shown. Results for two independent experiments 
(n= 4 or n = 5, respectively) are represented. (D) Linear 
regression curves ofthe acute phase of disease for anti—Tim-3 
and mouse 1gG1 groups are shown for the experiments 
represented in (C). The slopes are significantly different be- 
tween these groups for experiments 1 and 2 (P = 0.02113 
and P < 0.0001, respectively). The 95% confidence intervals 
for each curve are represented with dashed lines. 
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then used laser capture microdissection (LCM) 
10 isolate CDIIb* cells from normal white and 
{gray matter tissues for quantitative reverse tran- 
scription polymerase chitin reaction (RT-PCR) 
analysis (9). In these analyses, litle or no TIM-3 
MRNA could be detected in microglia obtained 
from gray matter tissue, whereas it was clearly 
present on microglia trom white matter tissue 
(Fig, 20), 

To test the possible consequences of TIM-3 
in the CNS, we examined TIM-3 expression on 
infiltrating monocytes and microglia isolated 
from the white matter CNS tissue of patients 
with MS and from CNS glioblastoma multi- 
forme (GBM) tumors, Athough lymphocytes as 


A Tcells OCs 
Stim (mins): 0 2 915 0 2 9 15 


Fig. 4. Diflerential Tim-3 signating in T cells versus 
CS. T cells (Ty. clone AE.7) or DCs (D2SC1) were 
stimulated forthe indicated times with anti-Tim-3. 
(A) Celis were lysed with NP-40 lysis bufler and 
analyzed by SDS-polyacrylamide gel electrophoresis 
(PAGE) and Western blotting with phosphotyrosine 
‘mAb 4610 (Upstate/Chemicon). The top two arrows 
indicate the position of tyrasine-phosphorylated 
substrates uniquely induced in T cells; the bottom 
arrow indicates a substrate uniquely induced in DCs. 
(B) Cells were fixed with paraformaldehyde and 
permeabilized with cold methanol for intracellular 
staining with a mAb to phospho-ERK (BD Bio- 
sciences). Asa control, a sample of each cell type was 
‘also stimulated with PIMA. (C) Cells were lysed with 
INP-40 lysts buffer and analyzed by SDS-PAGE and 
‘Western blotting for total IxBa (Cel Signaling Inc). 
Data in (A), (B), and (© are representative of three 
independent experiments. 
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well as monocytes and microglia are associated 
with these pathologies, the cytokine profiles dif= 
fer considerably (13, 14). Thus, the Tyl cyto- 
kines interferon-y (IFN-y) and TNF-a. associate 
‘with MS but not with GBM tissues. Monocytes 
‘and microglia captured from the active border 
regions of MS lesions expressed higher levels of 
‘TIM-3 than did those captured from the quies- 
cent center of MS kesions, ftom adjacent normal- 
appearing white matter, or fiom  noninflamed 
White matter tise (Fig 2D). In contrast, TIM3 
‘expression was significantly lower in monocytes 
and microglia obiained from GBM. tissues, 
relative to those obtained from control tissue or 
MS tissue. 

Although galectin9 is undetectable on resting 
human astrocytes, it can be up-regulated by the 
«eytokines interkcukin-1 and IFNy (15-17), lead- 
ing us to examine whether it might be induced 
‘on astrocytes present in MS lesions. Indeed, 
gaketin-9 levels were significantly clevated on 
astrocytes present in MS lesions relative to nor 
mal human CNS tissue (Fig. 2E). Collectively, 
these data reveal that both TIM-3 and its ligand 
are up-regulated on microglia and astrocytes, 
respectively, in inflamed white matter tissue. 

To further explore the mechanism underly: 
ing selective TIM-3 expression on white matter 
microglia, we examined Tim expression on 
peripheral CDI1b* macrophages in mice immu- 
nized for the induction of experimental autoim- 
mune encephalomyelitis (EAE), a murine model 
‘of MS (/8), In these animals, activated periph- 
eral CIID” cells failed to express Tim, alk 
though CDIIb™ monocytes infiltrating the CNS 
from the periphery, distinguished! from resident 
microglia by higher expression of CD4S (/9. 20), 
did express Tim3 (Fig, 3A and fig. S1). More 
‘over, vets of Tim-3 on both microglia and infil 
trating monocytes peaked just before the peak of 
clinical discase (Fig. 3B). 

‘The earlier experiments showing high Tim-3 
‘on DCs and TNF-a secretion are consistent with 
the notion that triggcring Tim-3 on DCs pro- 
motes inflammatory Tyl responses. To examine 
this further. we induced EAE by immunizing 
mice with myelin protcolipid protcin (PLP) 139- 
1S1, emulsifiad in incomplete Freund's adjuvant 
(IFA) containing either anti-Tim-3 or an isotype 
control, We observed that immunization in the 
‘presence of anti-Tim-3 fad to disease with greater 
severity (Fig. 3C), which also showed a statisti 
cally significant difference in disease course. 

To address whether Tim-3 engagement in- 
duces distinct signaling in innate and adaptive 
ne cells, we stimulated a Tim-3-expressing 
CDF T cell clone and a DC cell kine with anti 
‘Tim-3 and examined them for tyrosine phospho- 
rylation. Differences were observed in the prox- 
signaling pathways tiggered by Tim-3 in T 
cells and DCs (Fig. 4A). Specifically. tyrosine 
‘phosphorylation was induced in two molecules 
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trast, engagement of Tim3 led to similar degrees 
of extracellular signal-regulated kinase activation 
and degradation of the NF-xB inhibitor IxBa in 
the two cell types (Fig. 4, B and C). Although the 
magnitude of ERK phosphorylation induced by 
Tim appeared to be lower in the DCs, phos 
phorylation induced with a pasitive control stim- 
ulus [phorbol 12-myristate 13-acetate (PMA) 
‘was also lower in these cells. 

Our results show that Tim-3 serves opposing 
wks in the innate and adaptive immune sys- 
toms. In the naive resting immune system, Tt 
Promotes inflammation. This is consistent wi 
four data indicating that Tim-3 is primarily 
pressad on DCS in the naive state and that 
synongizes with Toll-like recepions 10 promote 
‘TNF-a secretion. Once Tyl responses are ge 
crated, Time3 is expressed! on terminally dil 
camtiated Ty 1 cells, which will outnumber DCs 
and induce the up-regulation of galectin-9 via their 
prexluction of IFN-y (/5. 16). Finally, galectin-9 
triggers Tim-3 on Til cells to terminate Ty) im- 
munity. In sum, our data show how a single 
molecule, Tim-3, by vinue of differential expres- 
sion on cells of the innate and adaptive immune 
systems, can both promote inflammation an ter- 
inate Ty! immunity, Thus, Tim-3 may repre- 
sont valid therapeutic target in a wide range of 
peripheral and ongan-specitic human inflamme- 
tory diseases. 
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Melatonin Suppresses Nighttime 
Memory Formation in Zebrafish 


Oliver Rawashdeh, Nancy Hernandez de Borsetti, Gregg Roman,” Gregory M. Cahill 


‘Memory processes are modulated by the biological clock, although the mechanisms are unknown. 
Here, we report that in the diurnal zebrafish both learning and memory formation of an operant 
conditioning paradigm occur better during the day than during the night. Melatonin treatment 
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during the day mi 


s the nighttime suppression of memory formation. Training in constant light 


improves nighttime memory formation while reducing endogenous melatonin concentrations. 


Treatment with melatoni 


receptor antagonists at night dramatically improves memory. 


Pinealectomy also significantly improves nighttime memory formation. We adduce that melatonin 
is both sufficient and necessary for poor memory formation during the night. 


‘memory has been shown in both diumal 
and noctumal invertebrates (/-3) as 
‘ell as noctumal vertebrates (4). The mecha 
nism of this cireadian influence on memory is 
nnot known, In our study, we used zebrafish 


(Danio rerio) to investigate whether the cireaai- 
fan system plays a regulatory roke in Keaming and 
memory formation in a diumal vertebrate, An 
active-avoidance conditioning (NAC) paradigm in 
\hich the fish were phiced within a training tank 
With two compartments was used, The fish were 
trained to associate a compartment within the tank 
having a light signal (conditioned stimulus) as the 
safe environment and a disk compartment asso 
ciated with mild electric shocks (unconditioned 
stimulus) as the unsafe environment (5). We: firs 
asked whether zebrafish show dium differences in 
‘acquisition and long-term memory (LIM) for 
AAC. Animals entrain! 14 hours fight 10 hours 
dark (LD) cyckes were tained to eaming criteria at 
two time points (ZT and Z716) and then tested 24 
hours late. Animals trained caring the day react 
criteria significantly faster than animals trained at 
night (Fig. 1A). Furthermore, zebrafish trained and 
tested during the day had significantly beter to 
term (24 hours) retention (LTR) for AAC than 
animals trained during the night (Fig. 1B) The 
retention score reflects the ratio between training 
and testing performances. using the algorithm 
shown in (5). 

To determine whether the endogenous circa 
dian system controls this rhythm, we examined 
AAC performance in constant conditions. Ani- 
mals previously entrained to LD eyeles were 
‘exposed to constant darkness (OD). On the third 
and fount day of DD, the animals were trained 
and tested at different times (Fig. 1, C and D). 
Similar to LD, zebrafish in DD show significant 
phase-dependent differences in both acquisition 
‘and LTR. Animals trained during the subjective 
day (SD) in DD and tested 24 hours later reachext 
Jeaming criteria faster and had significantly better 
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LTR compared with the animals that were trained 
and tested during the subjective night (SN: Fig. 1, 
C and D). 

Because animals amed the task during the 
night but showed no LTR, probably either the 
formation or the retrieval of the newly acquired 
memory is being modulated. To differentiate 
these possibilities, we trained and tested two 
{g10ups of animals in opposite circadian phases 
such that group 1 was trained on the tind day of 
DD at relative Zeitgeber time 8 (FZ TS) (SD) and 
tested 36 hours later at 12120 (SN), whereas 
_g10up 2 was trained at rZT 16 (SN) and tested 36 
hhours later at 274 (SD). Acquisition of AAC 
was again shown to be better during the SD 
(group 1) than during the SN (gsoup 2) (Fi 
TE). When both groups were tested 36 hours 
Jater, group 1 had.a significantly higher retention 
score than group 2 (Fig. 1F). Thus, the observed 
rhythm in 24-hour memory (Fig. 1D) is. pri- 
marily due 10 a circadian modulation of LTM 
formation rather than memory retrieval, 

We next asked whether the endogenous ci 
ccadian system modulated the formation of mul 
le forms of memory. The decay of AAC 
memory was measured for animals trained on 
the thint day of DD at r2T8 (SD) or at 1ZT16 

NN), Animals tested 30 min aftr training showed 
no significant difference in short-tean AAC pes 
formance whether they were trained during SD 
or SN (Fig. 1G; P > 0.05). However, animals 
trained at rZT8 had significantly higher Ishour 
retention scores than animals trained at rZT16 
(Fig. 1G). By 3 hours after training, the retention 
scores for both groups of animals had reached 
the same amount (Fig. 1G). The rapid decay of 
shorttem retention afler acquisition during the 
NN coincided with the absence of LTM for AAC. 

We hypothesized that melatonin is responsible 
for inhibiting memory formation during the night 
In zebrafish, the rhythm of melatonin release from 
the pineal gland is modulated by both its 
endogenous circadian oscillator and also directly 
by light (6). Melatonin concentrations are high 
during the night and lower during the day. The 
rhythm in LTM foranimals kept in 14:10-hour LD 
cycles (Fig. 1B) was much more robust than the 
shythm observad in DD (Fig. 1D), consistent with 

ight enhancing the rhythm. In other vertebrates, 


‘melatonin can modulate synaptic function, which 
‘may affect memory fomation (7-9), 

If melatonin modulates LTM formation, then 
‘we would expect a change in the amplitude of 
LIM of AAC by modulating physiological 
‘melatonin amounts, To test for sulflicieney, we 
applied melatonin before training during the SD. 
This treatment had no effect on acquisition of 
AAC across all concentrations tested (fig. SLA), 
Funhermore, animals treated with either 1 yM or 
10 uM of melatonin before traning did not show a 
significant effect on LTM as compared to the con- 
twol (Fig. 2A). However, at $0 jiM or 100 uM of 
LIM formation was significantly sup- 
2A), Interestingly, animals treated 
‘with $0 juM melatonin directly after training did 
‘not show a significant effect on LTM formation 
(ig, S2A), which suggests that the inhibitory 
action of melatonin on LPM formation occurs ata 
relatively early stage of LTM formation, In fact, 
‘melatonin pretreatment also produces a substantial 
cay in carly memory, mach more severe than 
‘normally cen after daytime acquisition but similar 
to that seen ater nighttime acquisition (compare 
fig. S2A and Fig. 1G), 

If melatonin was responsible for the poor 
LIM of AC during the night, then melatonin 
treatment should aflect memory formation and 
‘not retrieval, Thus, animals trained at rZ18 (SD) 
‘were treated with $0 jiM melatonin for | hour 
fore testing. The effect of melatonin present 
during testing on LTM of AAC was not signit= 
‘cantly different from the vehick: presentation 
2B). This result further indicates that mel- 
stonin langely does not inhibit animal perform 
ance during AAC, Moreover, this result is 
consistent with the hypothesis that endoge- 
nous melatonin has a modulatory roke during 
LIM formation because both night and m 
nin affect memory formation and not recall 

Theability of melatonin to mimic AAC mem- 
cory formation during the SN suggested that sig- 
naling through endogenous melatonin receptors 
inhibits memory formation, Therefore, we ex- 
amined whether melatonin receptor antagonists 
‘would block the effect of melatonin on AAC 
memory formation during the SD. Animals 
were treated on the thint day of DD for 1 hour 
with vehicle, melatonin, or melatonin in the 
presence of a melatonin receptor antagonist 
luzindole or K-18S (/0)]. Both melatonin re- 
ceptor antagonists effectively blocked the inhib- 
itory effect of melatonin on LTM_ formation 
(Fig. 2B). Thus, the effect of melatonin on LTM 
is mediated through the activation of melatonin 
receptor signaling pathway(s) 

The melatonin hypothesis also predicts that 
reducing melatonin signaling should improve 
memory formation during the SN. Animals 
‘were treated for 1 hour before training with the 
melatonin receptor antagonist luzindole or 
Vehicle during the SN. Afler treatment, animals 
‘were trained for AAC and tested 24 hours later. 
‘There were no significant differences in the time 
to each leaming erterion between animals treated 
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Fig. 1. Phase differ- 
ences in memory acquis 
tion and LTA formation. 


(A) Animals showed sig- 
nificantly shorter traning 
periods to learning crite- 
fia at ZT8 compared with 
animals trained at Z716 wy 
(t= ea32, P< aoooy § 
(6). (B) Diurnal rhythm in 
UR Animals tested 24 BAO 
hours after training at 

Z18 showed significantly 

better retentions for AAC B 
compared with anima 
that were orginally tained 

at 2116 tt = 7.429, P< 
0.0001). (©) Circadian 
‘madulation of acquisition. 
Fish that were trained 
during the SN required 
‘significantly longer to team 
compared with animals 
trained during the SD 
Voay = 1144, P< 
0.0001] (5), (0) When 
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animals trained during J 6 23 5 os. 
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later, retentions for the 

acquied task were signi . as. 
icantly better than those & 4 02. 
from animals that were oa: 

Siete Alan’ § a 
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‘not memory retrieval. (E) 


‘Animals trained at 1278 (n = 6) showed a significant reduction inthe training 
period compared with animals trained at 12116 (n = 7) (t = 2.64, P < 0.05). 
(F) Animals trained at rZ7B and tested 36 hows later showed significantly 
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hours later (t = 6.26, P < 0.005). (G) Time course of memory retention, 
‘Animals were tested at specific time intervals after training at rZ78 and rZT16 
(S). The results show a circadian modulation of LTR and 21-hour retention for 


increased LIR for AAC compared with animals trained at rZT16 and tested 36 AAC [Fc.4q) = 12.43, P < 0.005]. 


With luzindole and. the control 
dicating that the melatonin antagonist did not 
nce acquisition during the SN, as was the 
treatment alone during the 
SD (fig. SIA). In contrast, blocking melatonin 
54M luzindole during the SN 
mproved 30min, I-hour andl 24+ 
hour memory for AAC (Fig. 3, A and B), 
Similar results were found for K- $3). 
During constant fight exposure, zebrafish main- 
tain rhythmic eeomator activity (7), but melatonin 
‘concentrations are constitutively low, even during 
SN (2, 13) Interestingly, acquisition was not 
sianificantl different for groups subjected to either 
LL or DD, sugesting that endogenous metatenin 
concentrations. do not have a major effect on 
Jeaming AAC (lig. SID). However, consistent with 
the melatonin hypothesis of memory mexukation, 
animals subjected to LL showed a significant and 
robust improvement in LTM during the SN as 
compared to animals subjected to DD (Fig. 3. 
‘The pineal gland is the principal source of 
‘melatonin in cold-blooded vertebrates (14, 15). 
Animals that underwent pinealcctomy along 
\With sham-operated animals Were trained during 


ig. SIO), ine 
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Fig. 2. Melatonin is sutficient for poor nighttime 
LIM. (A) Animals previously trained in the pres- 
‘ence of melatonin (5) showed 2 concentration- 
dependent effect of melatonin on LTA formation 
KFuay = 12.51, P < 0,001; Newman-Keuls 
posthoc analysis for control versus SO iM and 
100 Mt, P < 0.001, and for control versus 2 Mt 
and 10 jiM, P > 0.05). (B) Animals trained for 
‘AAC after treatment with melatonin and either 
luzindole oF K-185 showed normal SD time LTR 
[Fasyy = 15, P > 0.26) (5). 


both the SD (FZT8) and the SN (rZT16) on the 
third day of DD and tested for LTM 24 hours 
later. There were no significant differences be- 
tween the pincakcctomized and sham-operated 
animals in either acquisition (fig. SUE) or LTM 
(Fig, 3D) during the SD, Acquisition of AAC 
during the SN for the pincalectomized and sham. 
operated animals abo was not different (lig 
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A 2AhMemory ind B_ 24h Memory in DD 
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SIF). However, during the SN, the pinealecto- 
‘mized animals displayed significantly better LTR 
than sham-operated animals (Fig. 3E) 

Memory formation of AAC is decreased 
during the SN relative to the SD, Our data also 
angue that the poor nighttime memory formation 
‘occurs through an active repression induced by 
‘melatonin, Melatonin can inhibit memory for- 
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mation when presented during the SD, Inhibit. 
ing the rise in melatonin during the SN through 
‘constant light, pinealectomy, or blocking. phys 
{ological melatonin signaling all lead to signif 
ly improved LTM formation, 

The effect of melato 
‘ory formation may be through the direct modu- 
lation of memory formation circuits, Melatonin 
receptors are widely distributed in the vertebrate 
brin (0), a nin has been shown 10 
modulate neuron 


hippocampal long-t 
potentiation have buen reported (/8). Thus, met 
atonin could affect nighttime memory formation 
by directly altering neural excitability in zebra 
fish, Attematively, melatonin may act indinectly 
by affecting sleep or circadian phase requirements 
for memory formation. Nighttime sleep is con- 
sidered to be an important mediator for memory 
consolidation. However, we do not believe that 
disturbances to sleep architecture played a 
nificant role here because animals trained early 
during the night at F216 had 7 to 8 hours of the 
original subjective nighttime left before onset of 
id showed LTR similarto animals trained 
a mide oF late night (Fig. 1D). Furthemiore, itis 
unlikely that the poor LTM for animals trained 
during the SN was due to the effect of sleep 
disturbance on memory retrieval when tested 24 


16 NOVEMBER 2007 VOL318 SCIENCE 


Short and Long-Term Retention 
for Nighttime Acquisition 


Testing Interval (hour) 


© Luzindole 
© Vehicle 


62 6 cern 
JETS FBT (HALON) in at night improved 
Time of Testing 


Fig. 3. Melatonin is nec- 
cesary for poor nightime 
UML (A) Dose-dependent 
effect of luzindole dur 
ing SN on LIM forma- 
tion. Animals previously 
treated with luzindole 
at 12716 (5) and tested 
24 hours later showed 
improved LTR for AAC 
: Fors = 13:13, P< 
0.001; Newmann-Keuls, 
posthoc analysis for cone 
trol versus 0.5 iM, P > 
(0.05, and for control ver- 
‘15 1.0 pM and 5.0 jM, 
P< 0.05]. (B) Block- 
ing melatonin signal- 


21 (zm) 


30-min, 1-hour, and 24- 
hour memories [Fi 


12.02, P < 0,001], mimicking the time course of memory during the day. (C) LTM formation for 


animals trained during SN in LL conditions. Animals trained during SN in LL (2716, 
n= 6) showed improved LTR compared with animals acquiring the task in DD (2716, n = 6, or 2721, 
[Faz = 28.8, P< 0.001]. (D) Both pinealecomized animals (PX) (n = 9) and sham-operated 


6, oF 2121, 


animals (n= 10) previously trained at (278 showed good LTR for AAC when tested 24 hours later (t = 
1.67, P > 0.1). (E) However, only pinealectomized (n = 6) animals tested 24 hours after nighttime 
acquisition at rZT16 showed significantly better LTR of AAC compared with shanvoperated (n = 6) 


animals (t = 3.124, P < 0.05). 


hours later because animals tested 48 hours and 72 
hours ater training. allowing enough recovery 
time, did not show a significant improvement in 
LTM (Student's = 0.325, > 0.5). 

Zebvalish is a diumal species. with several 
inaencrtal similrtics 49 humans, Both show a 
milar melatonin secretion profile with respect 10 
the onsinism’s skeeppwake cyck; also metatonin’s 
role in sleep and possibly other physiological and 
behavioral effects appear conserved (/9). There- 
fo finding that nighttime melatonin may 
actively suppress memory consolidation after night- 


for melatonin in humans, especially because several 
studies have shown that changes in cognition ant 
‘behavior are concurrent to abnoemaities in melto- 
nin shythms in humans (20). The finding that 
memory can be improved by blocking melatonin 
gnaling during the night encourages. frther 
rescarch into melatonin signaling for therapeutic 
treatment to improve mental performance 
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Fast-Forward Playback of Recent 
Memory Sequences in Prefrontal 
Cortex During Sleep 


David R. Euston, Masami Tatsuno, Bruce L. McNaughton* 


‘As previously shown in the hippocampus and other brain areas, patterns of firing-rate correlations 
between neurons in the rat medial prefrontal cortex during a repetitive sequence task were 
preserved during subsequent steep, suggesting that waking patterns are reactivated. We found 
that, during sleep, reactivation of spatiotemporal patterns was coherent across the network and 
compressed in time by a factor of 6 to 7. Thus, when behavioral constraints are removed, the 
brain’ intrinsic processing speed may be much faster than it is in real time. Given recent evidence 
implicating the medial prefrontal cortex in retrieval of long-term memories, the observed replay 
may play a role in the process of memory consolidation. 


REPORTS [ 


in two posttask sleep periods following each task 
block. Each skep session was 20 t0 60 min in 
duration, Both rats were implanted with micro- 
dives containing 12 independently: manipulable 
four-conductor electrodes (“iettodes") (25), allow= 
ing simultancous recording of 40 t0 120 neurons 
within the anterior cingulate and_ prelimbic 
cortices. Memory reactivation wasassessed during 
periods of motionlessness during the sleep session, 

The reactivation of the task-related neural 
praticms was initially assessed with a measure 
called “explained variance” (EV), based on the 
firing rate comrlation matrix for all pairs of con- 
currently recorded cells (26). Explained varianc 
measures the proportion of variability inthe cell 
pair firing-rate correlations during task perform 
ance that can be accounted for by corelations 
during subsequent sleep, taking into account the 


coring wo memory-consolidion theory 
A* hippocampus is necessary for the 

arival of weently eneoated episaic 
memories, For remote memories, in contrast, the 
neocortex is sufficient for recall (/-). The trans- 
ferof memories from hippocampal to neocortical 
contol is widely believed © involve replay 
luring sleep of the nara pattems representing 
the memory (5-7). Consistent with this hypoth- 
«sis, patterns of brain aetivity during a task ap- 
af to be repcated during subscquent shes in 
rats, binds, monkeys, and humans (8-6). In ats, 
multielsctrode hippocampal recordings. have 
shown thatthe temporal order of replay during 
sleep is preserved (17, 1, 

‘Among cortical ares, the medial prfiontal 
cortex (mPFC) apparently plays a unique role in 
mediating retrieval of consolidated, remote 
memories. In both rats and humans, activity in 
the mPFC is greater during retrieval of remote 
memories than during retrival of recent memo~ 
Fies: an opposite pattem is seen in the hippo- 
nus (19-21), In axkltion, lesions of mPFC 
mies 


y role in memory consolidation. In- 
de, disrupting mPFC activity during consol- 
‘dation impairs subsequent performance (24, 

If mPFC does play a role in consol 
lusk-induced neural activity pattems in mPI 
may replay during subsequent sleep, We there- 
fore examined neural ensemble activity after 
perfonnance of a spatial sequenice task. Two rats 
\Were trained to run to a series of locations around 
the perimeter of a 1.3m circular platform with 
electrical bran stimulation as a rewand. Sequences, 
consisting of cight locations, were repeated 
throughout the course of a S0-min running 
session, altemating in blocks of three cued and 
thee noncued (i... memory-guided) sequences 
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correlations that existed in the initial sh 
session, For this measure 
that cell-pair correlations during task and subso- 
quent sleep were identical, Previous reactivation 
studies have found average EV values of ~15% 


throughout the session. Each day, a rat ran the 
sequence task continuously dunng two SO-min 
blocks. Neural activity was recorded during a pre- 
task sleep period preceding the first task block and 


‘Tine 0c) Tine (o0e) 


eet Session 13 Rat 2 Session 7 
Task Post Task Sep PreTushSieop Tash Past Tash Sop 


Fig. 1. Cross-correlations between mPFC cell paits during task and sleep. (A) Example cross-correlations 
from four cell pairs. Each column shows data from one cell pair during pre-task sleep, task, and post-task 
sleep. The y axis shows the number of coincident spikes per second within each 10-ms bin. (B) Sorted 
‘ross-correlations from simultaneously recorded cell pairs. Each row in each subpanel shows the cross- 
«correlation between a single pair of cells, scaled so that peak and valey range from zero to one. The rows 
are sorted according to the temporal offset of the maximum peak during the task. In addition, only cell 
pairs showing a peak z score exceeding 11 during the task were included (—5 to 15%; see Supporting 
‘Online Material for detais). Red indicates the highest coincidence rate and blue, the lowest. The time axis 
during sleep epochs is magnified. 
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in rat hippocampus, ~10% in rat ventral stia- 
‘tum, and between $ and 11% in monkey cortex. 
(13, 14, 26). Average EV in the current study 
was 11% across two rats and a total of 66 
sessions. The distribution of values Was strongly 
skewed: the average of EV values within the 
flower quartile was 4% and that in the upper 
quartile, 22%. Reactivation was. significantly 
stronger in the sleep following the second task 
Period than in the sleep following the frst (6% 
versus 11" Students # test, P< 0201). At least 
in some sessions, reactivation in mPFC was as 
strong as, if not stronger than, that reported in the 
hippocampus or other parts ofthe brain, 
Cross-conelations of spike trains from pairs 
fof cells were used to examine the temporal 
structure of replaying pattems in mPFC. Analy- 
sey were limited to the second post-task sleep, 
Which isthe period showing strongest EV. Cells 
mPFC tend to fire at specific locations along 
4 sezment, with the majority firing selectively 
during either approach to or departure from at 
feast some reward zones. These response char- 
acteristics, combined with the repetitive nature 
‘of the task, led to distinct peaks and valleys in 
many of the crosscorrelation plots (Fig. 1A), 
indicating consistent temporal relationships in 


neuronal firing. For some cell pairs, the in- 
creased number of central peaks and valleys 
seen during the task were evident again in the 
pposttask sleep, but highly compressad in time, 
suggesting that temporal pattems playing during 
the task were replaying during skep at an ac- 
ccelerated rate. Peaks and valleys were small or 
nonexistent during pre-task sleep, suggesting 
that the replaying patterns were induced by task- 
related activity. Similar results were obtained 
when dats from multiple cell pairs within the 
same session were compared together (Fig. 1B). 

‘To quantify the extent to which neural pat- 
tems during sleep evolved at a fister rate than 
those during the task, times of cross-corelation 
peaks during task and sleep were automatically 
extracted and compared (Fig. 2A). For peaks 
nearest the origin, a strong linear relation was 
found between task and sleep peak times, with 
slopes indicating that replay during sleep is com- 
‘pressed relative to the task. Because this analysis 
requires many cell pairs with matching task and 
sleep cross-correlations, compression rates were 
‘only computed for sessions where the explained 
Variance exceeded 15%, total of 13 sessions (rat 
1:10; rat2: 3), Compression rates varied between 
$4 and 8.1, with a mean of 6S (Fig. 2B), 


s oS 
Peak Time Task (sec) 


o 2 4 6 8 
‘Compression Factor 


Fig. 2. Quantification of temporal compression during reactivation. (A) Task cross-corelation peak times 
plotted against post-task sleep peak times. In each case, two peaks are extracted from each cross- 
Correlation, one on the left of zero and one on the right. Matches in the upper left and lower right 
‘quadrants of the graph are thus precluded. Estimating compression rate depended upon finding 
corresponding peaks. Therefore, cell pairs were limited to those showing strong similarity between task and 
sleep cross-corelations after accounting for compression (ie, cell pais exhibiting strong reactivation). The 
best-fit regression line was found with robust regression, a technique less sensitive to outiers than normal 
regression. (B) Histogram of compression rates extracted with the analysis shown in (AD. 


Fig. 3. Temporal estent of replay window. (A) 
Cross-correlations from post-tak sleep (dashed line) 
and task Gold line) were compared with the use of 
stiding 200-ms window (gray bar). In this example, 
the task crossorrelation has been compressed by @ 
factor of 6.8. (B) Strength of the correlation between 
task and sleep cross<orrelations in each window 
plotted against time (a5 measured with the sleep 
time frame). Data shown were averaged across all 
13 high reactivation sessions, with vertical bars ind- 
‘ating the SEM, Data from negative time windows 
‘were averaged with the corresponding positive time 
windows, 
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The temporal extent of replay is limited, The 
attenuation of a given peak during sleep seems 
to be proportional to the offiet of the corre- 
sponding peak during the task, with peaks 
beyond about 3 s being almost completely lost 
(Fig, 1A), To quantify the duration of the replay 
‘window, we compared sleep and compressed 
task cross-correlations at diferent offset times 
(Fig. 3A), The correlation between sleep and task 
cross-correlations was strongest near zero and 
then dropped off rapidly, reaching near chance 
Jevels around 750 ms (Fig, 38). This suggested 
that replaying patiems were, on average, coherent 
fora duration of ~1.$.5(2 » 750 ms) during sleep, 
Assuming 6,5 times compression, the mPFC was 
evidently replaying behavioral events spanning 
~10/ during the task (about half of a complete 
ight-clement sequence), 

‘Template matching (8) was used wo assess 

whether the replay evident in pairwise activity 
‘was coherent across ensembles of cells, For each 
of the eight sequence segments, we created a 
tomplate by averaging binned fring rates of 
group of cells across: multiple repetitions of the 
sequence (Fig. 44, let). As expected, many strong 
matches 10 cach template were observed during 
the task, Strong matches were also observed 
during post-task sleep, but only when sleep 
size was reduced, effectively compressing the 
tamplate relative to sleep (Fig. 4, right), Indeed, 
the highest numberof strong matches occured for 
‘compression factors of 6 to 7 (Fig, 4C), in accord 
‘with estimates based on matching eross-correlation 
peaks. Few matches were observed when the tem= 
plate column order was reversed, indicating that 
replay occurs in the forward ditwetion, 
Vhether the observed mPEC replay during 
the first hour of sleep represents off-line re 
hhearsal needed for memory recoding remains an 
‘open question; however, the time frame coincides 
with what other research suggests is a critical 
window for memory processing. Studies in hue 
‘mans have shown that memory is tied 10 slow- 
‘wave activity within the first few hours of sep 
(76, 27). In rats, local injection of drugs dis- 
ruptive to mPFC function leads to learning 
deficits when given within 2 hours afler a task, 
butt not afer this time (24, 28), 

The hippocampus reportedly replays events 
at Sto 20 times their behavioral rate (17. 29-31); 
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Fig. 4. Template matching. (A) (Left) Template from 
‘one segment of the sequence, showing fring rate 
(pikes/bin) from multiple cells (y ais) sorted by time 
‘of peak firing (x axis). (Middle) Examples of good 
matches to the template from sleep (bottom) and task 
(top) periods. Bin size for the task and sleep examples 
‘are 100 ms and 14 ms respectively, the latter rep- 
resenting @ compression factor of 7. (Right) The two 
‘graphs show histograms of match strength (2 scores) 
between templates and “target” data within sequen- 
tilly ordered 14-5 windows. Z scores were derived via 
random shuffling of template columns. Color indicates 
the number of matches Inthe top graph, template and 
target bin size are the same, n the bottom graph, target 
bin size is a factor of 7 smaller than in the template. 
The time axis is discontinuous because first task and 
‘second sleep period were omitted. (B) Match strength 
between template and a portion of posttask sleep data 
at different compression factors (indicating the extent 
to which sleep replay is compressed relative to the task). 
‘Most of the strong matches (ie, red vertical bands) had 
peaks corresponding to compression factors between 
6 and 8. (© For each compression factor, the number 
‘of local maxima (ie., peaks) with a z score exceeding 4 
was divided by the total number of peaks ("Ratio of 
Peaks"), Data are averaged over all eight templates 
with the SEM indicated. Neither post-task sleep with 
reversed templates nor pre-task sleep showed strong 
matches or evidence of a peak compression rate. 
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Time-Dependent Central 
Compensatory Mechanisms of Finger 
Dexterity After Spinal Cord Injury 


‘Yukio Nishimura,”?* Hirotaka Onoe,”* Yosuke Mori 


Hideo Tsukada,”* Tadashi Isa™"*t 


n 


ka,” Sergei Perfiliev, 


Transection of the direct cortico-motoneuronal pathway at the mid-cervical segment of the spinal 
cord in the macaque monkey results in a transient impairment of finger movements. Finger 
dexterity recovers within a few months. Combined brain imaging and reversible pharmacological 
inactivation of motor cortical regions suggest that the recovery involves the bilateral primary motor 
cortex during the early recovery stage and more extensive regions of the contralesional primary 
motor cortex and bilateral premotor cortex during the late recovery stage. These changes in the 
activation pattern of frontal motor-related areas represent an adaptive strategy for functional 


‘compensation after spinal cord injury. 


‘eurorchabifitation has its basis inthe 
Ne that training recruits the remain- 

Wz neuronal systems to compensate 
injury of the central nervous system 
fever, the neuronal bisis of these 
tion mechanisms is poorly understood. 


show increased activity in various cortical re- 
izions, including the side ipsilateral tothe aflectet 
‘extremity (J, 2) However, in these case studies, 
the extent of the lesion varies between patients, 
and thus identifying the damaged pathways is 
‘often difficult, Moreover, its unclear whether the 
brain regions showing increased activity causal- 
ly contribute to the recovery. In adklition, because 
the tests are usually performed ata specific time 


‘Department of Developmental Physiology, National Istinte 
{for Physiological Sdences, Okara 444-8585, Japan. Core 
Resewch for Evolution Sdence and Techology, Japan 
Science and Technology Agency, Kawaguchi 332-0012, 
Japan. uncional Probe Reseach Laban. Molecule 
Imaging Research Program, RIKEN, Kobe 650-0047, Japan. 
“Department of Physiology, Univesity of Giteborg, Post 
Office Box 432, SE-40530 Gétebora, Sweden. "Centra 
Research Insitute of Hamamatsu Photonics, Hamamatsis 
434-8601, Japan. “Graduate University for Advanced 
‘Studies (SOKENDAD, Hayama 240-0193, Japan. 

‘Present. address: Department of Phisiology and Bio- 
physics and Washington National Primate Ceter, Univer- 
sity of Washington, Seattle, WA 98195, USA. 

{To whom correspondence shoud be addressed. Emait: 
tisa@nipsacjp 


16 NOVEMBER 2007 VOL318 SCIENCE 


after the lesion, longitudinal information is lack- 
ing. To assers the neuronal mechanism of fune- 
tional compensation, we need a longitudinal 
study that applies quantitative behavioral eval 
ation to an animal mod, preferably: macaque 
monkeys (3), with a defined lesion of the par 
lar neuronal system. Dexterous finger move- 
ments can be restored within a few weeks 10 
1 103 months after a lesion of the direct contico- 
motoncuronal (CM) connection via the fateral 
corticospinal tract (-CST) at the border between 
the C4 and CS segments of the spinal cord (A). 
This ksion site (*C4/CS LCST lesion”) is rostral 
to the segments where motoncurons of hand 
muscles are located. These results suggest that 
indirect contico-miotoncuronal pathways, mediated 
bby subcortical or spinal intemcuronal systems, can 
mediate commands for the control of dexterous 
finger movements in primates. In the present 
study, we examined the nicuronal mechanism of 
this funktional recovery from spinal cord injury. 
We hypothesized that, in addition to the plasticity 
‘of neural circuits in the spinal cord (4, 5), ataptive 
Jeaming by higher order structures may contibute 
to the recovery. We applied positron emission 
tomography (PET) scanning using H,'%O to mea- 
sure changes in brain activity during precision 
‘grip tasks at different stages of recovery. 

Five monkeys were trained 0 reach for a 
small piece of food through a narrow vertical slit 
and 1 grasp it between the pads of the index 


finger and thumb (Fig. 1A, preop). In the mon- 
key shown in Fig. 1A, the precision grip was 
completely impaired immediately afler the C4/CS 
ECST lesion (Fig. 1A, day 7). On day 14, the 
monkey was able 10 grasp the food with the 
index finger and thumb, but the independence 
of the fingers remained impaired, AMI abilities 
gradually recovered (Fig, 1A, day 99), as pre= 
viously reported (4). Figure 1B shows the time 
course of recovery of the success rate for proci- 
sion grip, The sucess rite eoovered 4 more 
than 80% of that before the lesion within 3 weeks 
in all five monkeys, On the basis of these obser= 
vations, we defined postoperative days. 1 10 45 
(about | month postoperative) asthe early recov 
«ay stage and postoperative days 90 10 143 (more 
than 3 months) as the late reeovery stage. We 
performed PET scanning and inactivation exper- 
iments during the following three stages: (i) pre- 
‘operative stage, (i) early recovery stage, and (ii) 
lite recovery stage. 

‘Thre monkeys (monkeys H, T, and K) were 
examined in the PET study. In multiple eompar= 
isons, their performance in the precision 
task during the preoperative stage Was asso 
‘with an increased activity in. visuomotor 
regions, including the sensorimotor cortex, pre- 
‘motor cortex, and intraparictal suleus in the con- 
tralateral hemisphere and the carly. visual 
cortices, putamen, and the cerebellum on the 
ipsilateral side, as previously shown (6) (Fig. 2) 
‘To identify the cortical regions that showed an 
increase in activity during postoperative stages, 
Wwe compared the regional cerebral blood flow 
(CBF) during the postoperative stages with 
that during the preoperative stage, Act 
creased in the bilateral primary motor cortex 
(M1) during early recovery (Fig. 3. A to C and 
E, and table SI), Furthermore, activity increased! 
in the bilateral carly visual cortices (VI/V2), 
contralateral S2, contralateral accumbens, and 
the vermis of the cerebellar cortex (Fig. 3, A to 
G, and table $1). During the late recovery stage, 
increased activation was observed in the contra- 
literal M1 (co-M1) and ipsilateral ventral pre= 
motor cortex (ip-PMy) (Fig. 3, 1 to M, and table 
SI), Activity in the bilateral insula, contralesional 
accumbens, and the cerebellar yemis also. in- 
creased (Fiz. 3, L to O, and table $1), The area o 
co-MI with increased activity expanded during 
the late recovery stage compared with that during 


wwwsciencemag.org 


the carly roovery stage (compare Fig. 3, A and 1, 
Band J, and E and M), and the increased activity 
extended into co-PMy (Fig. 3) and table SI) 

To clarify whether the increased activity of 
fons observed in the PET study 
folved in the functional recov 


those cortical 


microinjections of 
aminobulyric acid type A (GABA) 
receptor ayonist (5 wil), at various recovery 

rip in two 


muscimol, a 


stages 
monkeys (monkeys $ and C), Bec 
served increases in the activity in MI and PMy 
of both hemispheres during th 
in the PET study, we chose the digit are 
these cortical regions as targets of muscimol 
injection, We p 
ulation (ICMS) mapping before the inactivation 
study to obtain a topographical m 
nd to determine the injection site (Fig. 
4A, and b), In the preoperative trials, inact 


observed the precision 


formed intracortical microstimn 


A 
Preop 


vation of the d 
‘of muscimol resulted in clumsy finger move- 
ments, accompanied by a loss of the independent 
control of cach digit. Both monkeys reached f 

the food piece but were not able to achieve a 
precision grip, The success rate for retrieval was 
reduced 10 zero (Fig 4B, d and j). On the other 
hand, inactivation of either ip-MI (Fig. 4B, a 
and g, $.0 ul of muscimol) or co-PMv (Fig. 4B, 
P and y, 1.3 gl of muscimol) or ip-PMv (F 
4B, m and s, 5.0 jl of muscimol) resulted in no 
impairment of digit movements. Precision grip 
during the carly recovery stage was severely 
impaired by inactivation of co-MI. The mon- 
hed for the tanget but showed muscular 
hypotonia in the hand. Monkey C showed tot 

paresis 0 Monkey S was able wo 
move its digits, but the thumb and index finger 
J not be inserted into the slit. The success 
te for retrieval remained zero in both 
(Fig. 4B, © and k), Interestingly 


ft arca of co-MI with O8 oe 15 yl 


keys re 


the hand 


wonkeys 


Day 14 


tivation of ip-MI, the capacity to retrieve the 
food piece was i 
retrieval with precision grip in monkeys S and C 
decreased by 33 and 15%, respectively (Fig, 4B, 
band h), from that before inactivation, Even in 
successfill trials, both monkeys achieved the 
rfp not with the pads of index finger and thu 
but with the pad of index fin 
thumb, After inactivation of co-PMy (F 
or ip-PMv (Fig, 4Bn), the capacity to 


sd. The success rate for 


of 
4Bq) 
ctrieve 


ments became ch 
monkey S, During the the 
effect of inactivation of coMI was greatly re 
duced, even in comparison with the preoperative 
trials (Fig. 4B, f and }), In contrast to the early 
inactivation of ip-MI during the late 
recovery stage resulted in no impairment of digit 
in either monkey (Fig, 4B, ¢ and i), 
60-PMy did not cause impair 
key (Fig. 


Inacti 
ment of digit movements in either n 


Day 7 


Fig. 1. Recovery time course of precision grip. (A) Three rep- 
resentative frames showing the retrieval of a small piece of food B 


by monkey S. These images were taken at 0.1-5 intervals. (B) 
The success ratio of food retrieval from a vertical slit in the five 
monkeys. A success trial was defined as any trial that resulted in 
the successful precision grip and removal of the food from the 


pin without dropping it. 
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3B, rand x). We confirmed these results by ad- digit motoneurons ( However, the con- was simply a side effect of the increased activ- 
ministering additional injections of muscimol tribution of reticulospinal neurons cannot be ex- ity of the co-MI. Inactivation of ip-MI afier 
into ip-MI or co-PMy, and no impairment of cluded (/5, 6). hemiscction at the cervical spinal cord of the 
digit movements was observed. Inactivation of The inactivation of ip-M1 resulted in no def monkey produced no eflects (/7), However, these 


ip-PMy led 10 a marked slowing of movements icit in the pecoperative trials but caused a deficit examinations were performed over 3 months 


both monkeys (Fig, 4Bu). Monkey C repeated during the early recovery 4Bb) and after the lesion, which may have been too late 


During surgery, we tried to achieve a com- — 4Be), Ip-MI thus tran 


ps before retrieving the food piece no deficit durin, 1c (Fig. 16 show elects, judging from our observation 
to the presented herein, The ip-MI may exert effects 

In- cither through the co-M1_ via callosal fibers 
ity in M1, premotor area, and (/8-20) or by relay through subcortical pathways 
SIA). The extent of the — supplementary 


II five monkeys (Fig. to the affected b 


plete lesion of the dircet CM connection, kaving recovery during 
the ventrally located interneuronatly medi 
pathways intact (Hi 


otor area on the ipsilateral side (5, 16, 2/, 22), Furthermore, axons descend 
nd has been reported in stroke through the LCST that originate from the ip-MI 
The activation of ip-M1 was and recross the midline at the spinal level (23), 


2 


ied w have a negative comelation with the This cor 


$2), The extent of the Kesion was assewed by patient 
the number of anterogradely laboled rep 


countin sural projection may also drive hand 


L-CST axons caudal to the lesion in monkey T outcome affer stroke (7). However, in the above —motoncurons. Similar indirect excitatory pay 


(fig. SIC) versus rostral to the kesion (fig. SIB) studies, it was not el 
after biot 
into the co-MI. A small number of corticospinal 
fibers remained in the ventral region (box in fi 
SIC), Thus, the extent of interruption of the 
LCST fibers was estimated to be 98.7%. The 


whether the increased from the ip-M1 to hand motoneurons may exis. 


ylated dextran amine (BDA) injection activity was con 


olling the digit movements or Transmission through these pathways should be 


Precision grip > Control 


extent of the lesion was also assessed by else 
trophysiold 
(monkeys T, Hl, and $) under anesthesia, Ex: 
tracellular fickd potentials in the lateral motor 
nnucled in C6 (a train of three stimuli was applied 
to the contralateral medullary pyramid) and the 
cord dorsum potential (CDP) at the same 


al recordings in three monkeys 


nent on the intact and lesion sides were 
$3). The extent of the lesion 
estimated by the amplitude of the negative 
volley in CDP was 96.4% in monkey T, 100" 
in monkey H, and 99.6% in monkey $ (relative 


recorded ( 


to the intact side), Thus, we conclude that a 
near-complete or complete lesion was: made 10 
LCST in all five monkeys 

Our results indicate that the inactivation of 
co-MI resulted in 


(Fig, 4B, 


ests that early recovery de 


ments during the early weovery st 
and k), This su 


pends strongly on increased activity of the ¢o- 
ML. Interestingly, during the late recovery stage, 


the effect of inactivation of co-ML was greatly 


reduced in comparison with the early: recovery 
period (Fig. 4B, fand 1), As shown in Fig. 3. 
J, and M, the activated area in the co-M1 greatly 


expanded and appeared to estend into eo-PMv. 
Additionally, inereased activation was foun 
in ip-PMy, The present result suggests that the 


recovery process was also assumed by regions 
outside the preoperative digit area in co-MI and 
that the effect of inactiv 


by injection of the same amount of muscimol 


could be compensated by the stron, 
mis and ip-PMy. Our find: 


activity in 


ing of an increased area of activation in co-MI 
aurees with previous observations that the repre 
sentation of trained movement in M1 expanded 
with learning (7, 8) and with 
jury (9-11), Neuronal pathways from these acti 


Fig. 2. Brain areas activated during the precision grip task at the preoperative stage were quantified as 
increased rCBF using PET. rCBF on the control task at the preoperative stage was subtracted from rCBF 
on the precision grip task at the preoperative stage. Brain areas with significantly increased rCBF are 
indicated P< 0.01, uncorrected for multiple comparisons in three monkeys). The activations are 
superimposed on a three-dimensional reconstruction of a template brain magnetic resonance image 
Vated areas {0 the hand motoncurons are not (MRI) of macaque monkeys that was produced by our group. The significance level is given in terms of a 
clear. Propriospinal neurons with eell bodies in Z score represented on a colored scale. (A) Top view, (B) view from the contralesional hemisphere, (C) 
the C3-C4 segments and with axons passing view from the ipsilesional hemisphere, (D to H) coronal sections, and () lateral view of the brain, The 
through the Ventral part of the lateral fimiculus lines D to H in (D correspond to the respective coronal sections. Contra indicates contralesional 
can mediate the excitation from the eo-MI to hemisphere; Ipsi,ipilesional hemisphere. 


avery aller in. 
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inhibited normally bat may be disinhibited afier 
injury (24), 
A contribution trom 


re PMy has been indi 
cated for the recovery from an MI lesion through 


observa 8 in the lope 


of ¢ raphic map 


(25). Concerning the c0-PMy, it has been shown 
to influence motoncuronal activity mainly via 
the co-MI (26, 27), The co-PMy may 


control the spinal intemcuronal system directly 


via its direct projection 10 the mid-cervical 


segments (28). The pathway from the ip-PMv is 


difficult to explain; however, itis likely tha 


ip-PMy can exert its effect via the co-PMv. 


11 (/8-20), ora direct projection to the spi 


pjection at the spi 
nal level 


The present study demonstrates that func 


tional recovery afer lesio 
tract involves specific 


ally mediated subcortical p 


Early > Preop 


Contra Ipsi 


B 


Contra 


Late > Preop 
Contra 
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ways downstream of the co-M1, but also other 
parallel pathways including the ip-MI and 


higher-order cortices like the PMy 


The cont 


bution of each cortical region chan 
post 


st that the brain uses exist 


ative eoovery st 


reducing inhibition during the carly recovery 


1¢ and gradually enhancing the original neural 


systans or recruiting other systems by synaptic 


plasticity during the late recovery stage for more 


Fig. 3. Increased brain activation re 
lated to functional recovery. Results 
were obtained from three monkeys 
(monkey H, T, and K). Twenty scans 
were conducted on monkeys H and K 
in both tasks for every stage, and 24 
scans were conducted on monkey T. 
Activation during early and late recov- 
ery stages was compared with the 
preoperative stage (precision grip task 
at postoperative stage — control task 
at postoperative stage) — (precision 
grip task at preoperative stage 
contuol task at preoperative stage), 
Brain areas with significantly increased 
CBF (P < 0.01, uncorrected for mult 
ple comparisons) are superimposed on 
a three-dimensional reconstruction of 
a template brain MRI of macaque 
monkeys that was made by our group. 
The significance level given in terms 
of aZ score represented on a colored 
scale, (A to G) and (Ito ©) are results 
during early and late stages of recov- 
ery, respectively. (A) and (), top view, 
(6) and (), view from contralesional 
hemisphere; (©) and (K), ipsilesional 
hemisphere; (0) to (G) and () to (0), 
coronal sections. (H) and (P) show lat 
eral views of the brain, Lines D to G 
and L to 0 in (H) and (P) indicate the 
levels of coronal sections of (0) to (6) 
and (U) to (0), respectively. 
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Fig. 4. The effect of inactivation of Mor Paty on the precision grip. (A) 
Somatotopic map revealed by ICMS performed before the CST lesion. The 
location of muscimol injections are indicated on a surface map of the 
precentral regions shown in a and b. Each electrode penetration is represented 
with a character indicating the body territory activated at threshold: D, digit 
W, writ; E, elbow; S, shoulder; T, trunk; and F, face. The size of characters 
indicates the threshold for induction of movements Gnset The sites and vol- 
umes of muscimol injection are shown by colored circles (concentration, 5 wohl: 
‘volume, light purple dot, 0.8 il; green dots, 1.5 it orange dots, 5.0 jl. 
‘Anterior-posterior and medial-lateral orientation are indicated in the inset 
(A, anterior; M, mediaD. (B) The effect of inactivation of Nt or Phiv on food 
retrieval at preoperative, early, and late recovery stages in two monkeys. The 
‘success rates for target retrievals and retrieval time obtained before (Cont) and 


‘after muscimol injection (Mus, 2 hours after muscimol injection). The pre- 
hension time was defined as the time interval between the first insert of any 
digit to the tube and the timing of release of al the digits from the tube. Only 
trials with successful retrieval were used to measure the prehension time. a to 
‘cand g to, ip-MA; d tof and j tol, co-A1; m to o and sto u,ipsilesional PM; 
P tor and v to x, co-PMy, ato f and m tor, success rate for retrieval; gto | and 
'5 tox, prehension time; a, d, 9, j, m, p, s, and v are preoperative trials; b, e, h, 
k,n, qt and w are trials atthe early stage of recovery: « f, i o,f, u, and x 
are trials atthe late stage of recovery. Error bars indicate standard deviation. 
“P< 0.01 (corrected t test. C5, central sulcus; Ips, jpslesional 
hemisphere; Contra, contraesional hemisphere; Preop, preoperative trial; Early, 
trials during the early stage of recovery; Late, trials during the late stage of 
recovery; R,rostrat C. caudat and NA, not available. 


stable control. Clarification of the neural path= 
Ways from these regions to the relevant moto- 
neurons will lead to a deeper understanding of 
the strategy for functional compensation and, 
addition, will provide a good indication of the 
prospects for recovery afler spinal cond injury 
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Social Integration of Robots into 
Groups of Cockroaches to Control 
Self-Organized Choices 


J. Halloy,?*t G. Sempo, * G. Caprari 


C. Rivault,? M, Asadpour,? F. Tache,® 


|. Said,® V. Durier,? 5. Canonge,” }. M. Amé,? C. Detrain,” N. Correll,* A. Martinoli,* 


F, Mondada,? R. Siegwart,? J. L. Deneubourg* 


Collective behavior based on self-organization has been shown in group-living animals from 
insects to vertebrates, These findings have stimulated engineers to investigate approaches for the 
coordination of autonomous multirobot systems based on self-organization. In this experimental 
study, we show collective decision-making by mixed groups of cockroaches and socially 
integrated autonomous robots, leading to shared shelter selection. Individuals, natural or artificial, 
are perceived as equivalent, and the collective decision emerges from nontinear feedbacks 

based on local interactions, Even when in the minority, robots can modulate the collective 
decision-making process and produce a global pattern not observed in their absence. These 
results demonstrate the possibility of using intelligent autonomous devices to study and control 
self-organized behavioral patterns in group-living animals. 


elt-organization is a central coordination 
Ss ‘exhibited by both natural and 

antificial collective systems. Collective 
behavior and decision-making based on self 
‘onganization occur in eusocial insects (7-3), re= 
tatious arthropods (4, 5), and vertebrates (6-8). 
Selt-organized mechanisms are characterized 
by nonlinear responses to stimulus intensity. 
incomplete information, and randomness (1). Sell 
‘onzanization coexists with yuidance from envi- 
ronmental templates, networks of interactions 
among individuals, and various forms of leader 
ship or preexisting individual specialization 
(9, 10), Studies of animal societies (J-8) show 
that sel -onzanization is used to coordinate group 
members, to reach consensus, and {0 maintain 
social coherence when group members have to 
choose between mutually exclusive opportunites 
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Thee biological findings have stimulated 
cengincers to investigate novel approaches. for 
the coordination of autonomous multirobet sys- 
tems (17-14). Swann-robotic systems, in con 
trast with other mubiobot systems, explicitly 
exploit selonsanization as a main coordination 
mechanism. Often, the controller of individual 
robots is designed using reactive, behavio 
based techniques (15: Robots act and ineract 
with their close environment, which sends 
immediate feedback to their receptors in 
response to their own actions and the actions 
of others. Behavior-hased techniques allow for 
real-time implementation of the social nonlinear 
feedbacks influencing the whole system, mini- 
mization of onboard computational resources 
tinder tight volume constrains, and suitable 
support for the injection of stochastic behavioral 
rules 

‘Autonomous robots, perceived as congeners 
and acting as interactive decoys, are interesting 
research tools By their ability to respond and 
adapt to animal behavior, they open possibilities, 
to study individual and social animal behaviors. 
Robots, or any artificial agents, could then be 
used to implement new feedback loops, leading 
to new collsetive pattems in these mixed natural- 
antficial systems. Here we describe an experi- 
mental study that makes a step toward building 
such mixed societies of artificial and natural 
agents, using real and robotic cockmaches, 
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Our experimental setup consists of a cireular 
arena endowed with two shelters (Fig. 1). In the 
presence of two identical shelters, each kange 
nouigh 10 host the entiwe group, all the cock: 
aches choose collectively to rest under one of 
the shelters (16, 17). When one shelter is darker 
than the other, cockroaches. select the darker 
shelter by amplifying their individual preferenc 
through interindividual interactions. This sol 
eqganized choice does not require leadership, 
reference to the final pattern, or explicit com 
parison between the shelters. ‘This mechanism 
Jeads to shelter selection and optimal group for- 
‘mation (/7), 

‘A mathematical mode! in quantitative agree- 
‘ment with the experiments was developed (17) 
considering the following experimental facts: (i) 
Individuals explore their environment randomly 
and thus encounter sites randomly; (i) they rest 
in sites according to their quality, in this ease 
determined mainly by darkness: and (ii) they 
are influenced by the presence of conspecifics 
through social amplification of resting time, all 
individuals being considered equal. This model 
also forms the core behavioral module of the 
robots, enabling them to respond stochastically 
to social stimuli according 1 Eys. 1 0 4 
(below), The robots are designed to discriminate 
(i cockroaches. from other robots, these wo 
types of agents being considered here as 
conspecifics; (ii) shelters fiom the rest of the 
arena and shelter darkness; andl (ii) the wall 
around the circular arena and other obsta 
(U8). ‘The model is used as a quantitative 
explanation as well as overall guidance for the 
design of the robot 

The model describes mixed groups: where 
robots and cockroaches exhibit similar behavior. 
‘The differential equations giving the time 
evolution of the number of individuals in the 
shelters and outside are 


dsi/ch = Rie faa 


On 


dr) = Rate ~ Oars 1=1,2 


C=ntntn 


M=retntn (4) 


Variables x and ry represent the numbers. of 


cockrmaches and robots present in shelter i, 
respectively, and xe and re the numbers outside 
the shelters. Parameters C and Mf correspond 
respectively to the total numbers of cockroaches 
and robots. The fimetions R and Q. giving 


16 NOVEMBER 2007 


1155 


| REPORTS 


5 


1156 


film, Cockroaches aggregate under the shelters (18). 


A 
10 


04s 


‘Shelter 1 Shelter 2 


10 1 16 cockroaches 
06 
oa 

02 


30mm 


Fig. 2. Experimental setup showing the cockroaches (Periplaneta americana) and the robots. Two shelters 
(250 mm) made of plastic disks covered by red film fiters are suspended (30 mm) above the floor of a 
circular arena (diameter 1.m). The darkness under the shelter is controlled by the number of layers of red 


§ 
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$10 12 cockroaches + 4 | 
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the shelter not selected. 
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12 cockroaches + 4 robots 


120 150 180 
Time (min) 


Fig. 2. Shared collective choice between two identical shelters. (A and B) Experimental results for 30, 
trials. (C and D) Computer simulations of Eqs. 3 and 4 (28). Groups of 16 cockroaches (brown bars) 
selected one of the two shelters. Mixed groups of 12 cockroaches and four robots (yellow bars) presented 
the same distribution, demonstrating that the mixed groups made the same collective decision as, 
cockroaches alone. The probability of selecting one of the shelters is about 0.5, in accordance with 2 
dynamics leading to stable multiple states (76, 27) n (B) and (0), the fraction of the group present under 
the shelters (mean + SD) in relation to time shows that selection has similar dynamics in both types of 
‘group. Green lines represent the selected shelter (randomly shelter 1 or 2 indifferent trials), the red tines, 


respectively the rate per individual of entering or 
quitting shelters, are 


Re=w{l (ls; +0n)/S]) (3) 
R= wall ((x+en)/Si)} (6) 


1 = 01/{1 + pls + Bn), (7) 


Os = 05/1 + pall 


(8) 


Each cockroach outside shelters has a rate Ry of 
centering shelter 7 (R = I/mean exploring time), 
the equivalent rate forrobots is Ry. Because these 
finetions (Eqs. $ and 6) take into account a 
crowding effect, they decrease with the ratio 
between the number of individuals present in 
shelter /and its carrying capacity S, The carrying 
capacity corresponds to the maximum number of 
cockroaches that can be hosted in shelter i, In 
Eggs. 5 an 6, parameter o represents the surface 
of one robot expressed as a multiple of the 
surfice of one insect. The term jy represents the 
‘maximal kinetic constant of entering the shelter 
for insects; jis the equivalent term for robots. 

Each cockmach in shelter (has a rate Q, of 
Icaving ito start exploring (Q = V/mean resting 
the equivalent rate for robots is Oy. The 
parameter O, is the maximal rate of kaving 
shelter for cockroaches (Jq for robots): the 
parameters p and n take info account the 
influence of the cockroaches’ conspecifics (py 
and n, for robots), When both shelies are 
identical, the parameters characterizing them 
are equal: Sy = Sx: py = Ha Ha = pha: 8) = Os: 
Oj = G2. When one shelter is darker than the 
ther, then 0 # 03: O4 # 0 

Parameters 7. and 8 correspond respective- 
ly tothe influence of insects on robots, of robots 
fon insects, and of robots on robots, The greater 
they are, the greater the mutual influences. The 
influence of insects on inscets is imposed by 
biology and is not modulated in our experiments 
However, parameters y. 8, and (§ could be 
modulated by changing the hardware and or 
software of the robots. As in insect societies, the 
interatraction between cockroaches is. chemo- 
tactile and is mainly based on a blend 0 
hydrocarbons coating their body (/9-22). The 
robots are coated with this blend, and the higher 
the pheromone concentration, the higher the 
value off. 

Acceptance of robots within a cockroach 
soup is related to the ability of robots to bear 
the correct chemical signal and to behave 
appropriately. Chemical analyses and behavioral 
fests were performed to identify. the main 
molecules constituting the odor that carries 
cockroach identity (/8). This odor was then 
collected trom male cockroaches and calibrated 
to.a known concentration used to condition filter 
papers dressing the robots. The concentration on 
the filter paper (per em?) was the same as that on 
‘one cockroach. Therefore, natural and aniticial 
agents were equally attractive 0 one another. 
‘Tests with encounters between robots and cock- 
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roaches showed that cockroaches were luted 10, 
and interacted with, chemically dressed robots. 
‘Comparisons with unmarked robots showed the 
importance of this chemical message (8). 
Pheromone luring was used here to allow 
‘acceptance oF the robot in the group and not to 
attract the insects to a specific shelter, As robots 
‘become members ofthe group, they can take part 
in and influence dynamically the collective 
n-making process. Not only do these robots 
¢ their envionment autonomously, but they 
are aso able to tune their resting time in relation to 
the presence of cockmaches, as cockroaches do 
(16, 17). In tum, the inscets are influenced by the 
presence of robots, easing the loop of interaction 


between animals and machines. The shelter 
selection emerges fiom the social interactions 
between natural and artificial individuals 

The first set of experiments showed the 
sharing of the collective decision-making for 
shelter selection in mixed cockroach-robot 
‘groups. The robots were programmed to sclect 
dark shelters as cockroaches do. Interactions 
between robots and cockroaches led to the 
selection of a common shelter (Fig. 2). Given 
the choice between two identical dark shelters, 
both typesof groups chase to rest under one ofthe 
shelters and behaved as a whol, imespective of 
‘their natural or human-made origin, In most trials, 
both cockroach groupsank! mixed groups selected 
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Fig, 3. Controlled collective choice between dark and light shelters. (A and B) Experimental results; 
(Cand D) computer simulations (18). (A) Groups of cockroaches without robots (brown bars) selected the 
dark shelter in 73% and the light shelter in 279% ofthe trials. Mixed groups with robots programmed to 
prefer the light shelter (yellow bars) selected it in 61% of the trials. The robots induced a change of the 
Collective choice by modulating the nonlinear collective mechanism. Nonetheless, the dark shelter was 
stil selected in 39% of the trials because the robots also socially responded to the cockroaches. In all 
selections, robots and cockroaches shared the same shelter. in (B) and (D), the fraction of the group 
present under the shelters (mean + SD) as a function of time shows that the selection has similar dynamics, 
‘in both types of group (dark blue, dark shelter; tight blue, light shelter). NV values in (B) (red) are number 


of selections out of 30 trials. 
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cone of the shelters. In 28 of 30 trials (939%), mixed 
groups presented a clear choice for one of the 
shelters, and 75% of cockroaches and 85% of 
robots aggregated under the same shelter. Com 
parisons of these results with computer simu 
lations of the model confirmed that the choice 
corresponds to the coexisting stable states of & 
‘nonlinear system (Fig, 2, A and C). 

‘The second set of experiments was designed to 
show the control of the collective choice by mixed 
groups when shelters differed in atractivencss 
in this case, darkness (Fig. 3), Cockroaches 
prefer to aggregate under the darker shelter 
(brown bars in Fig. 3), This selection process 
is explained by the sume mode! as above, with a 
bias induced by the darkness level of the shelters 
(01 # 82, On # Op: Fig. 3C), When cockroach 
groups selected one of the sheliers 22. of 30 
trials), the darker shelter was selected in 73% of 
the eases andl the Tighter one in anly 27% of the 
cases (Fig, 3A). As in the first set of experiments 
‘with two identical dark shelters, these proportions 
comespond to the coexistence of multiple stable 
states in a nonlinear system, 

In the case of mixed groups (yellow bars it 
Fig. 3), the robots were programmed to prefer 
the lighter shelter, contrary to the cockroaches, 
This effect was obtained by keeping the same 
behavioral model and swapping the parameters 
controlling the robot response to darkness wit 
respect to those measired for cockroaches. 
Given the choice between a dark and alight 
shelter, robots were able to induce a change of 
the global pattem by inverting the collective 
shelter preference. Under these conditions, the 
shelter lew proferred by the cockroaches (he, 
the lighter onc) was selected by mixed! groups in 
61% of the trials, versus only 27% of the trials 
done without robots. Despite the individual 
preference of robots for lighter shelters, th 
‘were socially driven by the cockroaches into the 
darker shelter in 39% of the wials (Fig. 3A). 
‘These results are explained by the nonlinear 
mechanism goveming the sel -onganized choice, 
as shown by stochastic simulation of the model 
(Fig. 3B), In some trials the choice was induced 
by the robots, and in others by the cockroaches. 
‘The robots didnot act as a mere attractant but 
‘were integrated into the decision-making pro 
cess of the society 

These experimental results show the possi- 
bility of shared and controlled collective actions 
between machines and animals. At the technical 
level, we introduced lures able to perceive 
animal response and able to respond 10 it. The 
robots were designed to interact and to colla- 
orate autonomously both with the animals and 
‘with one another. This work could be extended 
to vertebrates, taking into account sound, viswal 
cues, and social onzanization. Possible ways 10 
‘identify individual behavioral algorithms could 
be to replace some animals within a group by 
robots of other artificial devices and to compare 
collective responses in “mixed” and “natural” 
groups (23-26). They could aso be used 10 test 
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Benchtop Centrifuge 


www.sciencemag.org/products 


The Microfuge 16, 2 new addition to a general purpose benchtop centrifuge line, has a small foot- 
print, weighs just 14 pounds, and is less than seven inches tll. This new microcentrifuge spins qui- 
ellyat 16,163 » 9 (14,800 RPM) for fast pelleting or isolation of DNA, RNA, proteins, and vituses. 
It can operate in a cold-room environment as an alternative to refrigerated microcentrifuges. The 
system's 24-place rotor delivers high-throughput capability and spins microtubes from 0.2 ml to 
2.2 ml in volume. An auto-lock system provides hand-free closure and opening and ensures that 
the run will not start until the unit is property closed. 

Beckman Coulter For information 714-993-8955 www:beckmancoultercom 


Genotyping Service 

‘Anew high-throughput platform for genotyping 
laboratory mice and rats is designed to reduce 
costs and turnaround time. Researchers simply 
{og on to a website and request a sample collec 
tion kit. Viable specimens include tal tissue, ear 
punches, embryos, and toenail clippings. The 
sample collection kit contains a 96-well plate 
with cover, shipping label, a card to record 
details, and a return shipping box. Upon receipt, 
tissue samples are lysed within the 96 well sam: 
ple-submission plate in order to avoid contami- 
nation, and the DNA is extracted and normal- 
ied. The normalized DNA is fed into a real 
‘polymerase chain reaction machine and tested in 
duplicate with a contiol, with results reported via 
a secure online system. 

Taconic For information 888-862-6624 
vewontaconc.com 


Phosphatase Assay 

The Phosphatase Assay Kit is designed to meas- 
ture the activity of phosphatases in biological 
samples and to screen for agonists and inhibitors 
of phosphatases. The kit makes use of paranitro- 
phenyl phosphate, a chromogenic substrate for 
‘most phosphatases. The phosphatases remove 
the phosphate group to generate p-nitrophenol, 
\which is deprotonated under alkaline conditions 
to produce p-nitrophenolate, which has strong 
absorption at 405 nm. 
G-Biosciences/Genotech For information 
314-991-6034 worn GBiosciences.com 


Microplate Spin-Down Station 

An automated microplate spin-down station 
enables batches of microplates to be spun down 
in parallel. By integrating the BenchCel 
Microplate Handling System and the VSpin 
Access 2 Automated Microplate Centrifuge, the 
new workstation provides walk-away conven- 


www.sciencemag.org 


ience for handling up to 320 microplates. A 
simple software interface allows users to specify 
the centrifugation settings. The VSpin Auto: 
mated Microplate Centrifuge is the smallest 
robotic-accessible automated centrifuge on the 
market, according to the manufacturer. For 
hhigh- and medium-throughput applications, it 
features a dual position design to accommo: 
date two standard microplates at a time. The 
v5 bie for filtration protocols, air 
bubble removal in high-density plates, and 
spin-downs including cells and cellular debris. 
The latest BenchCel is the R-Series, which fea 
tures a unique high-speed plate shuttle that 
enables rapid and precise accessing of inte 
grated microplate stacks and peripheral instru 
‘ments and provides the ability to work with lid 
ded microplates. Even the smallest R-Series 
BenchCel can support three peripheral instru 
‘ments, allowing customers to create highly con- 
figurable workstations that combine a broad 
‘ange of functionality, including barcode label- 
ing, microplate seating, plate reading, centrifu- 
gation, and more. 

Velocity For information 650-846-6600 
wornelocity1.com 


Laser Microdissection 

Rapid, gentle, and contamination-free laser 
microdissection, directly into sample bute, is 
‘now possible with the combination of Leica 
Microsystems’ state-of-the-art laser microdis 
section system Leica LMD6000 and Expression 
Pathology’s innovative Director glass slides. 
Director slides bring 2 new level of speed and 
accuracy to laser microdissection, allowing col- 
lection directly into a vial, while eliminating the 
need for plastic membrane-coated slides or 
sticky caps. These membrane-free slides employ 
a proprietary energy transfer coating bonded to 
a glass support. Ultraviolet-Laser energy is con- 
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verted to kinetic energy upon striking the 
energy transfer coating, vaporizing it, thereby 
propelling selected features into the vial. All 
laser energy is absorbed by the coating so sensi- 
tive molecules such as RNA or DNA are not dam: 
aged. Director slides are inert in a wide range of 
chemical and thermal conditions. They can be 
autoclaved, and are stable in organic solvents 
such 3s aylenes, They show no autofluorescence 
and are optically neutral, making them suitable 
for applications requiring fluorescent stains, as 
‘well as applications requiring differentia inter- 
ference contrast or polarized light, 

Leica Microsystems For information 
-+49106481/29-2550 wave lecarmicrosystems.com 


Cell Invasion Assay 

The CultreCoat 24 Well BME-Coated Cell inva. 
sion Assay Kit provides a ready-to-use platform 
{or the analysis of responses to chemokines, ox- 
ins, drugs, and other analytes of interest, for 
larger numbers of cells per well. Each insert is 
coated with Cultrex PathClear basement mem: 
brane extract (BME), which has been tested and 
found to be clear of a battery of 31 pathogens 
and viruses by polymerase chain reaction tests. 
Celt invasion is quantified using calcein AM: 
Free calcein fluoresces brightly, and the fluores- 
cence can be used to quantitate the number of 
cells that have invaded and traversed through 
the inserts by using a standard curve. 

Trevigen For information 800-873-8443 
smetrevigen com 


Meniy offered instrumentation, apparatus and laboratory 
‘materials of interest to researchers in all scptnes in aca- 
emi. industrial and government organizations ate featured 
‘in this space. Emphasis is given 1 purpose, ciel characteris 
tis, and availabilty of products and materials. Endorsement by 
‘Science or AAS of any products or materials mentioned isnot 
implied. Additional information may be obtained from the 
manuactre or supplier. 
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POSITIONS OPE 


“The Department of Biological Sciences at San Jose 
State University sccks applicants for two tenure-track 
positions to start on Angst 21, 2008 
ASSISTANT PROFESSOR 
Plant Biology 

Applicants must possess 3 Ph.D. in plant biology 
‘or closely rclated dicipline with expertise in either 
pnt systematics or conscriation biology, preferably 
in which geographic information system technology 
‘or molecubr techniques are emphoed to answer cco- 
logiel or taxonomic questions, Duties will include 
teaching introductory plant biology for biological 
science majors and other courses, which might in- 
Shule upper-division conlogy, coneervation biology. 
‘or plant taxonomy. Candidates will ako be expected 
periodically to teach graduate courscs in their area 
DOF expertise. Please include job opening Mentifica 
tion (JOD) 013134 on all correspondence. 


ASSISTANT PROFESSOR 
Genetics 


Applicants must possess a Ph.D. in genctics or 
closely related discipline, The successful candidate is 
fexpected! to take a Kadership role in. genetics and 
rebated ficlds such as genomics and bioinformatics 
Dues will include teaching. general genetics for 
biological sciences majors and advanced courses in 
[enetics or related fickle. The successfl candidate 
ako expected to teach graduate courses in his/her 
area of expertise, Please indude job opening identi 
fication (JOID) 013135 on all correspondence, 

For both positions, applicants must have a proven 
record or potential for excellence in teaching and 
research experience and poblications in thei discipline. 
Seeking. extramural funding to support research in: 
volving Master's and undergraduate students is 
SL Se nae kl e sshe 
the ncads of 3 student population of great diversity in 
age, cultural background, ethnicity, primary language, 
and academic preparedness through course materials, 
teaching strategies, and advising. For more details see 
website: hetp://www.fasisuedu/employment/ 


im. 
For fll consklcration for one of these positions, 
send a ktter of application, curriculum vitae, under 
gaduate and gradkate tansaipts, 3 statement of bots 
teaching intefews/phulowophy anal research interests, 
and at least three original letters of reference wit 
Contact information te the respective Search Com: 
‘mittee at the: Department of Biological Sciences, 
Sin Jone State Universi, One Washington Square, 
‘San Jose, CA 95192-0100, Review of applications 
will commence on January 22, 2008. Websi 
http: //www.biology.sjsu.edu/indexaspx. JS 
{6 am Lapua Opportnity/Affimative Aci Employer 
Imaned 4 the cre wes of acon, clin, and ret for 
‘oh ond 


POSTDOCTORAL POSITIONS, 
Antibody Engineering, 

Highly motivated individuals with a Ph.D./M.D. 
and a strong background in molecular cellular 
‘biology and /or physical sciences to work on antibody 
engineering projects related to the Fe receptor, FeR 
Please sendl curriculum vitae and details of three 
references to: Dr. E. Sally Ward (e-mail: wardlab@ 
"utsouthwestern.edu), Department of Immunology, 
University of Texas Southwestern Medical Center, 
Dallas, TX 75390-9093. U7 Southuvser i an Legal 
Opporiainy, Afimtive Acion Expoyer 


ASSISTANT PROFESSOR of BIOLOGY, po 
sition namber 73342, Univeniny of Hawa’ at Filo, 
nine-month, tenure-track appartment. Teach in acon 
felted to human biologry develop human health 
Programs. Advise sens, publish im pocr-nevcwed 
fourals, mainesin sce rxcarch programy, and par- 
{icpare in community and Unieraty serice att= 
ites. Complete appication description avaiable 3¢ 
website: uhh hawaledu/uh 

"Taal fanaa lc ot gel 
ee ene Apeaane Ace tape Rees 
ek Dace W me 


POSITIONS OPE 


YALE SCHOOL of MEDICINE: 
FACULTY POSITIONS in a NEW PROGRAM 
‘on ENERGY METABOLISM and OBESITY 

The Scction of Comparative Medicine at Yale Uni- 
versity School of Medicine secks up to thrce new fs 
tty members inary research 
progam focused on the neurobiology of energy 
{metabolism and obesity. The Section has significant 
strength in areas induding mouse mutagenesis, path 
‘lowe phenotyping, and laboratory animal medicine. 
Its developing the new program in close conjunc- 
tion with other Departments induding. Medicine, 
Neurobiology, Pharmacology’, and Psychiatry, and 
param acy wll have the opportuni, ¢ a 

orate actively with outstanding basic and clinical 
rescarch groups in the areas of metabolism, newrd- 
biology, aging, and immunology 

‘Candidates (holding D.V-M., M.D. or Ph.D. de: 
grees) should possess a strong research and fundin 
record, and wil be appointed at the level of ASSIST: 
ANT, ASSOCIATE, or FULL PROFESSOR, de 
pending upon qualiieations. Interested applicants 
should send curriculum vitae, research plan, and a 
list of three references to: 

‘Tamas Horvath, D.V.M., Ph.D, 
Professor and Chair, Section of Comparative 
Medicine 
Yale University School of Medicine 
P.O, Box 208016 
New Haven, CT 06520-8016 
E-mail: valeria krizsan@ yale.cdu 

The evasion af appiatons will bon immediatly and 
ante wnt he porns ae ben fled. Ye Univesity 
cor Equal Oppetionty/Afiemaive aon Employer. 


UNIVERSITY of CALIFORNIA, IRVINE 
“Tend and ‘Tenure-Track Faculty Positions in 
‘Systems Biology 

The Universy of California, Irvine ha embed 
‘on a recruiting init in systems biology intended 
{ori sever faculty potions over three years Thre 
Porton are availabe thi year, for which candkates 
INal be considered trom all ree of tems biology, 
Tnduding biological networks, regulatory dynam 
Sint conta stil dynamics aod momphogenea, 
Synthetic bicloy, and mathemati and computa 
ond biology Aplications are being sled tthe 
ASSISTANT, ASSOCIATE, and FULL PROFES- 
SOR kel, and spptntmens can be mad i any 
several Deparanets,fnduding Developmental and 
Cai Bology. Molecular Biology and Biochemistry, 
Ecology and’ Evolutionary Biology, Biomedical 
fpesting, Mathcmai Paks and Axonom, 
Computer Sdence, and Statist 

"The succes appliant expected to conduct a 
seeong research program and to sontebute to the 
teaching of undergraduate and graduate students 
Systems blogy research and tsning at UCL hs 
fntred by several interdplinary rena wis 3 
Nasional tnsture of Gener Medic Sciences N 
tional Center for Stems Biology, and PhD. tain. 
ing programs in boinformates, and mathemati 
find Computational biology (for more formation 
Se webu: ed ot) Appia 

ror appiaton, cumulus 

the Aten oF refefence, a sate 

sents of recarch a teaching interests using the 

‘lineation (sce nection ot web: 

/ecbs.bio.uciedu or hitps://recruit.ap.uci. 

Baap te recto ell cecccnton, ect sone 
‘Berecche by January 1, 2008, 

The Unreniy of Caf, te lon Eqn Opps 
sity Esper evel xeon Arch vey nd 
fray erage aga fom al gua apt, 
‘einer od Mi UCT rope ee of 
‘Ser plo dead woe eB thong at 
‘eyo imi fly oi, and epi of asd 
‘Su Feds ADVANCE Aud gone ty 
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OPENING DOORS FOR SCIENTISTS 
WITH DISABILITIES 


Several programs are aiming to increase the number of individuals with disabilities in 
science and technology careers by removing barriers and changing attitudes. By Laura 
Bonetta 


had Cheetham is pursuing a Ph.D. in neuroscience at the University of Alabama 

in Birmingham. He is one of six students at his institute to have received a cov. 

eted Howard Hughes Medical Institute scholarship for his graduate work. Megan 

‘Nix, an electrical engineering graduate of the University of California, Riverside is 
looking for a fulltime position, probably at the Jet Propulsion Laboratory (JPL) where she 
interned in the spring of 2005. She received first place in a competition from the Institute 
for Electrical and Electronics Engineers for her project at JPL 

These are typical success stories of students pursuing careers in scientific fields, except 
that the students happen to have a disability. Cheetham has no left visual cortex, which 
means he lacks the right visual field and depth perception, while Nix has fibromyalgia, a 
chronic condition that causes widespread pain in the body and exhaustion. 

In many cases, disabilities are not barriersin science and technology fields, where men: 
tal capacity and creativity are keys to success. Nonetheless, individuals with disabilities 
face unique challenges as they transition from high school to college and from college to 
employment 

They might need software or other technologies to help them follow along in classes, 
face problems finding adequate living arrangements close to their university, or come up 
against faculty or employers who are fearful of dealing with a person with a disability. A 
umber of programs and resources are helping to alleviate such challenges. 


The Voice of Experience 
Ted Conway did not divulge to prospective employers that he had cerebral palsy. When 
invited for an in-person interview, he would explain he had a loss of muscle action caused 
bya lack of oxygen during birth to the part of the brain that controls muscle movement. “I 
always describe what the disability does rather than calling it by its name,” says Conway. 

f people hear cerebral palsy, or muscular dystrophy, or cancer, they always think the 
worst.” 

A professor and associate dean at Virginia Commonwealth University, Conway has, for 
the past 21 years, been going up the academic ladder in the fields of mechanical, aero- 
space, and, more recently, biomedical engineering. He has held jobs in industry, govern 
ment, academia, and as a consultant. “The only challenges that t have faced have been 
‘overcoming other people's predetermined ideas about what a person with a disability 
could do,” he says. 

‘An effective way for attitudes to change is for more people to see individuals with dis 
abilities in established positions. “Role models serve as examples, but also act as men: 
tors for people who want to acquire that position,” says Conway. “Someone has to blaze 
that tail and then the next person who comes along can ask ‘What do | have to do to get 
there?" 


Increasing Numbers 
A handful of programs are trying to increase the numbers of individuals with disabilities 
in science, technology, engineering and math (STEM) fields. Eleven years ago, the Ameri 
‘can Association for the Advancement of Science (AAAS), publisher of the journal Science, 
established EntryPoint! The program provides internship opportunities to students with 
disabilities at IBM, Merck & Co., the National Oceanic and Atmospheric Administration 
(NOAA), the National Institute of Standards and Technology (NIST), Lockheed Martin, CVS, 
NAVAIR, and NASA. 


[AAAS/Science Business Office Feature 


From top: Intern Matthew Maleski 
in front of his poster at the Stan 
ford/CPIMA/IBM program; Chad 
Cheetham, a neuroscience student 
at the University of Alabama, Bit 
‘mingham; inte Brittany Toffinchio; Aubrie Abbott 
with Incight Scholar Alison Ecker at her summer 2007 
internship sit. 


UPCOMING FEATURES 
lnterdisciptinary Research — November 23 


Faculty Positions — January 2 
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Diversity 


EntryPoint! alumni: Royce 
James (left) interned at NASA 
Goddard and NSF. He is com- 
pleting his physics Ph.D. and 

is the first African American 


tenured faculty at the US 
Coast Guard Academy, Jason 
Grieves interned at 1BM and 
will graduate in 2008 from 
Virginia Tech. 


“A persistent student can get an undergraduate degree. There are 
barriers, but if you want to do it, you can do it. It may be harder at the 
graduate level, But itis harder still to get employment in your field,” 
says EntryPoint! Director Virginia Stern, “The internship is critical. 
The employer gets to know you and what you can do. And you find 
‘out what you want to do.” 

To participate in EntryPoint! a student with a disability not only has 
to be interested in STEM careers but also have a 3.0 or above grade 
point average. “The organizations we work with want the diversity, 
but they need competitive students,” says Stern, “We do the talent 
search.” 

Cheetham spent a summer at Merck & Co. where he was in charge 
of developing an assay to screen compounds related to obesity. “En: 
tryPoint! daes not lower expectations. They only take the best,” says 
Cheetham. “They are advocates for people with disabilities, but they 
‘want really qualified students. I's not ‘Poor me give me an internship 
because you feel sorry for me.’ I's “Give me an internship because | 
am really good!" 

Successful work experiences are not only critical to opening career 
doors; they also change the attitudes of employers who may be wary 
of hiring individuals with disabilities, “We make sure that the employ: 
er has a positive experience,” says Sheryl Burgstabler, director of the 
Disabilities, Opportunities, Internetworking and Technology (DO-1T) 
program at the University of Washington. “If there is a problem we in- 
tervene, and most of the time it is not a disability-related issue. That 
is what we help the employer see.” 

DO-IT, a multifaceted program to help people with disabilities 
succeed in college and the work force, includes an online mentor- 
ing network and an internship program that are part of the program 
entitled Access to Science Technology, Engineering and Mathematics 
(AccessSTEM). It provides about 50 internship placements a year 
the states of Oregon, Washington, Alaska, and Idaho. 


Enabling Technologies 
Established in 1992, AccessSTEM makes extensive use of comput- 
ers, assistive technologies, and the Internet to help students with 
disabilities become more independent in their academic and career 
ss. “An employer might say ‘How can you have a blind person 
do programming?’ But it is not hard. You need a standard computer 
with a refreshable braille display and a braille printer.” explains Burg- 
stahler. “We want to show that with the right technology people with 
disabilities can succeed.” 

Help obtaining those technologies can be a boon to students. 
“Most assistive technology is overpriced and yet may be a student's 
sole means of communication or may give someone the ability to use 
‘a computer.” says Chris Schlechty, a senior at the University of Wash- 
ington studying computer science. 

‘Schlechty has limb girdle muscular dystrophy and uses a power 
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wheelchair to get around. “I need an accessible workstation, which 
consists of a certain keyboard and mouse set, a height adjustable 
desk, and an alternate headset or handset for the phone as | cannot 
lift up the receiver.” he explains. 

Schlechty interned at Microsoft through the DO-IT program. After 
graduating in June 2008, he hopes to obtain employment at Microsoft 
or one of the other major software companies in the area. “A student 
should not prematurely label classes or careers as inaccessible, By 
working with the professors and using a bit of creativity, we were al- 
ways able to make accommodations that worked, and | have been 
able to successfully complete all of my courses, including those that 
seemed to require a fair amount of physical activity,” says Schlechty. 

The National Science Foundation has supported DO-IT’s Ac- 
cessSTEM and other similar programs through its Research in Disabit- 
ities Education (RDE) program. Other RDE awards include projects 
that develop new assistive technologies for people with disabilities. 
One example, developed by a team at Pennsylvania State University, 
University Park, is a hand-held submersible audible light sensor that 
fits in a test tube and converts the light intensity to an audible signal 
to help blind scientists conduct chemistry experiments. 


‘STEM Careers Make Sense 

Individuals with disabilities are generally underrepresented in sci- 
ence and engineering professions. Nevertheless the employment 
rate for scientists and engineers with disabilities is 83 percent, much 
better than the estimated 26 percent for the overall US population 
with disabilities, These statistics suggest that the engineering and 
science fields provide careers in which individuals continued » 


NSF's Research in Disabilities 
Education worw.nsf.gov/ pubs/ 
2007/1ns107511/ns107511.htm 


Pennsylvania State University 
wwrw.psu.edu 


‘Stanford University’s Center on 
Polymer Interfaces ar 
‘Macromolecular Assemblies (CPIMA) 
wwrn.stanford.edu/group/cpima/ 


University of Alabama 
wwmua.edu 


0-17 (Disabilities, Opportunities, 
Internetworking, and Technology) 
‘www.washington.edu/doit 


EntryPoint! 
‘wwew.ehrweb.aaas.org/entrypoint 


1am 
wveibm.com 

Incight 

veveincight.org 

Jet Propulsion Laboratory JPL) 
won jpLnasa.gov 


Lockheed Martin 
wwwlockheedmartin.com 


University of California, Riverside 
worucredu 


University of Oregon, 
wwrn-uoregon.edu 


Virginia Commonwealth University 
wwrnveu.edu 


Additional Online Resources 
Eastern Alliance in Science, 
Technology, Engineering & 
‘Mathematics 
research.usm.maine.edu/East 
Midwest Alliance in Science, 
Technology, Engineering & 
Mathematics 
www.stemmidwest.org 
Regional Alliance for Science, 


Engineering & Mathematics 
rasem.nmsuedu 


Merck & Co. 
‘wewmerck.com 

National institute of Standards 
‘and Technology (NIST) 
werwnist.gov 

NOAA (National Oceanic and 
‘Atmospheric Administration) 


fousines 


Diversity 


“The response has been 
favorable. A number of interns 
have been repeat interns and 
acouple will be picked as 
permanent employees.” 
Julie Peddy 


with disabilities can find success, 

“Lactually think those fields are good ones for students with 
abilities to get into, because there are just so many opportunities 
available to help get women, minorities, and now people with dis- 
abilities involved, since they are so underrepresented,” says Alison 
Ecker, a junior at the University of Oregon majoring in comparative 
literature. 

Ecker, who is hard of hearing, completed a DO-IT internship in 
viticulture, an area outside her field of study. Because of the in- 
ternship, she would now consider a career in scientific research. “I 
would highly recommend having an internship, possibly even before 
deciding a major, as it allows you to get real-life experience, to see if 
it's a career that you might actually be interested in,” she says. 

Why are STEM careers a good match for individuals with disabil- 
ities who have an interest in these fields? “It is a combination of 
things. There tends to be an increased use of technology in those 
fields which makes it easier to integrate assistive technologies,” 
says Burgstahler. “STEM jobs are often not physically demanding 
jobs. You are using your head, not your muscle.” 


The Employers’ Perspective 

And if STEM careers make sense for people with disabilities, it also 
makes sense for employers to hire them. “We are competing with 
countries that have plenty of individuals with technical expertise. 
We cannot afford to leave any talented people out of the work force,” 
says Ted Childs, former vice president of global diversity at IBM. 

Like IBM, the Center on Polymer Interfaces and Macromolecular 
Assemblies, an NSF-sponsored center and a joint effort between 
Stanford University and IBM Almaden Research Center, has had stu- 
dents with disabilities as summer interns for the past six years. 

These internships required making some changes inthe buildings. 
such as adding touch plates to doors, and making other accommo: 
dations, including hiring sign language interpreters during meetings 
and seminars as well as purchasing some special software. “It is a 
combination of changes in the buildings and working with the stu- 
dents to find out what they need,” says center director Curtis Frank, 
who had two students with disabilities in his own lab. 

But Frank sees many advantages to these internships. “For the 
other group members. it gives them an example of what can be ac- 
complished. My group already has a good collegial working relation: 
ship. But having someone with special needs helps bring the group 
even closer together,” says Frank. “It requires more folks to pay at- 
tention to what is happening in the lab.” 

Julie Peddy, program manager at NOAA's Northwest Fisheries 
Science Center and EntryPoint! coordinator for NOAA, has also had 
good experiences hosting students with disabilities as summer in- 
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ters. “Some employers are worried about what the cost will be, but 
for the most part itis not costly to provide some accommodations for 
a person with a disability.” she says. “The response has been very 
favorable. A number of interns have been repeat interns and a couple 
will be picked up as permanent employees.” 


Changing Attitudes 
Many scientists with a disability, particularly one that is apparent, say 
itis important to discuss the disability with teachers and prospective 
employers and advocate for whatever accommodations are needed 
to succeed. “As a student you have to make sure that you are not ex: 
cluded from obtaining the same skills, or equivalent skills, as every: 
one else in the class,” says Imke Durre, a physical scientist at NOAA. 
“Part of that responsibilty falls on the teacher, but itis also up to the 
student to say, ‘This is how I could do it.” 

After completing her Ph.D. in atmospheric science from the Univer- 

sity of Washington, Durre applied for a fellowship from the National 
Research Council, Durre, who is blind from birth, added a “personal 
statement” in her application explaining what accommodations she 
uses. “I wrote ‘This is how | handle graphics. This is how | read print 
documents,’ and so on,” she explains, “The approach worked for 
me." 
She landed a postdoctoral position at NOAA's National Climatic 
Data Center, which later converted to a staff position in the Climate 
‘Analysis Branch. Durre got hooked on climate science as a child, 
when her mother would read her the newspaper's weather page. It 
never occurred to her that this was something she could not do, “I 
did encounter a teacher in junior high school who did not think I could. 
‘do higher-level math, but ! did not pay much attention,” she says. “I 
figured she did not know me.” 

Incight, a not-for-profit organization based in Portland, Oregon, 
works with high school and college students with disabilities to 
help them overcome their own fears and become better advocates 
for themselves. “When we hear ‘I would like to do this but I don't 
think I can do it? that is when we get really motivated,” says Incight’s 
‘Aubrie Abbott. “We work with them and say ‘Well, actually, we think 
you can, Let's figure out the steps you need to get there,” 

Incight works closely with a set of college students from all over 
the country. providing them with scholarships, mentors, and assis 
tance in finding internships. This year the scholarship program, which 
started only four years ago, received 800 applications for 70 spots. In 
addition, Incight helps prepare Oregon high school students for life 
after graduation, through training and mentoring. “By the time they 
Bet to college they are better at being their own advocates,” says Ab- 
bott. 

Programs like EntryPoint!, DO-IT, Incight, and many others are 
working to change the face of research by providing tools and advice 
totalented students who have disabilities. They are also creating net- 
works of students and professionals with disabilities who can serve 
as role models for others to follow. “Eventually we would like to put 
ourselves out of business,” laughs Abbott. “In a perfect world you 
would not need us. We are trying to develop leaders who can remove 
barriers and pave the way.” 


Laura Bonetta is a scientist turned freelance writer based in the 
Washington, D.C, area. 
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UNCEe MERCK SCIENCE INITIATIVE 


A mind isa terrible thing to waste” 

UNDERGRADUATE GRADUATE 
SCIENCE RESEARCH SCIENCE RESEARCH 
SCHOLARSHIP AWARDS DISSERTATION FELLOWSHIPS 
15 Awards Annually 12 Fellowships Annually 

Scholarships up to $25,000 Fellowship Stipends up to $42,000 
Two Summer Intemships at Department Grants of $10,000 

a Merck Research Facility 1 Support for 12-24 months 
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SCIENCE RESEARCH 
FELLOWSHIPS: 
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Research Associateship Program 
Postdoctoral Research Awards 
Senior Research Awards 
Summer Faculty Fellowships 
Davies Teaching Fellowships 

offered for research at 
US government laboratories 


Opportunites for postdoctoral and senior research 
in all areas of science and engineering 
* Awards for independent research at approximataly 100 
Participating laboratory locations 
+ Temonth awards renewable for up to 3 years 
+ Annual stipend $41,000 to $70,000 - higher fr senior researchers 
* Relocation, professional raval, health insurance 
+ Annual application deadnes Feb. 1, May 1, Aug 1, Now. 1 
Detailed program information, including instructions on 
how to apply, is available on the NRC Web site at 
www.national-academies.org/rap 
Questions should be directed to: : 
National Research Council 
TEL: (202) 334-2760 
E-MAIL: rap@nas.edu 
‘Qualied applicants wil be reviewed without regard to race, 
feligion, color, age, sex or national ong 
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FACULTY POSITIONS 
IN PHARMACEUTICAL SCIENCES 


Department of Pharmaceutical Sciences, Northeastern Ohio Universities College of Pharmacy 
(NEOUCOP) (http:/www.neoucom.eda/PharmD) sccks applications for three tente-track faculty 
positions, attactng individuals with expertise in Pharmaceutics. Bicphan ‘Drug Delivery 
Systems, Pharmacogenomics, of Pharmacokinetics. Proposed stint date July 1, 2008 Emphasis i on 
recruitment at the ASSISTANT PROFESSOR level: applicants at other ranks may be considered. A 
Ph.D. or equivalent and a strong commitment to excellence in esearch and teaching are required 
Preference will be given to applicants with phannacy hackgrounds, teaching experience. and active 
extramural funding. Successful candles will each inthe Pharm D. program, spel edablish’naitai an 
independently funded research program. Faculty will join ober peogares within NEOUCOM that offer 
grate education atl research though the Schoo! of Biomesial Sciences at Kent State University 
icants mst have a nmitmend 10 ilerdisciptinary education. Ow Pharm.D. program 
sents unique opportunities 19 develop inter-professional education of future pharmacists and 
physicians as enrolled its charter class in Fall 2007 
astern Ohio is known for stellar heath care, wonderful recreational and cultural activities, 
‘educational institutions and a ich history. NEOUCOM/? is located in a scenic setting in 
slow, situated to offer a choise of living in rural communities, major metropolitan areas of 
Cleveland, ce ma-sized cities such as Kent, Akron or Cantoe: all only 1S 40 35 minutes away. Sports, 
culture, entertainment and intelletua offerings ll complements vn amily environment 
Review of applications will begin immediately. Interested candidate Sy to the posting on 
line ot woevneoucom.eduljobs.php. In addition, plese submit» lear of application, current CV. nd 
list of al least five references to: The Chair, Faculty Search Advisory Committee, 
*harmaceutical Sciences, NEOUCOP, 4209 State Route 44, P.O. Box 95, Rootstown, OH 
(0095 oF electronically 4 pharmscisearch 4 neoucom.d 
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3 RESEARCH ASSOCIATES 


The Division of Infectious Diseases and 
Intemational Health at the University of 
Virginia School of Medicine under'the 
Department of Medicine is secking 3 
Research Associaes 0 study iron uptake 
mechanisms in Francisela tularensis andlor 
to study the molecular pathogenesis of 
amebiasis, The tularemia work involves 
characterization of siderophore biosynthesis 
and siderophore-mediated iron uplake 

puhways and their ole in virulence of the 

pathogen. Studies on amebiasis include host 
response in a murine model as well as signal 
transduction via novel family of tansmem: 
brane kinases as well as the cell biology of 
contact-dependent apoptotic killing of the 
frost immune cells bythe parasite 

red qualifications include Ph. D. in 

ical Science oF equivalent are 
study and laboratory experience. Previous 
training in research methadology and 
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‘ont filled, 
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At the heart of all that matters 


At the heat of all that matters are people, 
Connected in purpose by career, ife, and health. 


{At sanofi-aventis, we fight for what is essential to us all health 
Now one of the world’s largest pharmaceutical companies, we are 

a leader with outstanding resources, a rich product portflio, and one 
of the most robust product pipelines inthe industry 


‘Our commitment to improving health fs diven by our mission: to work 
harder, perform better and move faster in the field of healthcare to bring 
reat, innovative products to millions of patients, while actively helping, 
to make treatments more widely accessible. 


Energized by an entrepreneurial spirit, a strong set of core values and 

‘a mosaic of talent worldwide, we strive for success ~ in health, 

In doing so, we strengthen careers and envich lives 

Pursue your career with purpose. Apply online today. 
www.careers.sanofi-aventis.us 
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ASSISTANT/ASSOCIATE PROFESSOR OF 
PHARMACOLOGY/TOXICOLOGY 


nure trick. position 
furmacology and. Toxicolog 

versity of Kansas School of Pharmacy. The Pharmacy School at the 

versity of Kansas has a strong history of competitive research and ranks 

J nationally in total NIH funding among all such schools. Candidates 

must hold a Ph.D., M.D. or equivalent degree and have af least two years 
‘of postdoctoral research experience. Candidates should. demons 

strong potential to develop/matintain an extemal funded research program 

zy or ncurdtoxicology. Individuals witha research focus 


or ncuronal regulation of energy metabolism are especially sought 
Prospective ficuly are also expected to actively participate in teaching in 
the graduate and professional pharmacy programs of the department. To aid 
faculty research, core facilites exist for transgenic knockout animal produc 
Proteomics, DNA microarray analyses, molecular modeling. high 
hput screening. peptide synthesis. hybridoma production, quantitative 

oral assessments and confocalélectron microscopy. To apply. 


please elcetronically submit your curriculum vitae, ge description 
of research plans and the luce references to De: Rick Dobrowsky 
e-mail: dobrowsky@ku.edu Otherwise, mail materials wo Dept. 
Pharmacology & Toxicology, 1251 Wescoe Hall Dr, University of 
Kansas, Lawrence, KS 66045. Review of applications begins December 
30,2007, Position will remain opened until filled. 
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Jefferson Science Fellowships 
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A new Pediatrie Intensive Care Unit is 
opening at Children’s Hospital Bo 

and is recruiting a faculty level PhD 
researcher who can bring and establish 
an independent research laboratory 
Within a clinical division. Appoini- 


ment at the Assistant Professor level 
at Harvard Medical School is expected. 
Applicants should havean active portto- 
lio of clinical research with an emphasis, 
‘on physiology and dynamic algorithms, 
with a preferred focus on pediatrics 
and critical care. Candidates should be 
interested in collaborating with primary 
clinicians and clinical investigators 10 
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Active or committed funding for 0 


ing research activities is encouraged, 


strong research program, 


Harvand University and Children 
Hospital Boston are Equal Opportu 
nity Employers andl encourage the 
‘application and nomination of 
qualified minority and female 
candidates 
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To educate students for a life of fulfillment and accomplishment. 
To create and translate knowledge to meet global and societal needs. 


It’s our mission. Make it yours. Join our faculty. 
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The Center for Structural Molecular Biology (CSMB) and the Spallation Neutron Source (SNS) of Oak Ridge National Laboratory (ORNL) (htip:/www.om.gov) 

thas immediate openings for five Post Doctoral Research Associates and three Research Assistants, Applications are sought from highly creative and motivated 

individuals who will join interdisciplinary cams to work in the following arcas: 

Post Doctoral Research Associate: Protein Structure, Function and Dynamics: We seck 2 Biophy cist or Chemist to work on the high-resolution 

X-ray and neutron analysis of protein structure and dynamics. The successful candidate will have experience in all aspects of experimental protcin crystallography, 

‘specially high sescltion analysis and computational modcing. Experience in tolecaar dynamics snoltion would bean asset. Coat: De, Dean Myles, emai 

mylesdaid ornl.goy; Dr Pratul Agarwal, email a va ornl.ze 

Post Doctoral Research Associate: Bio-inspired Membrane Systems: We seck a Biophysicist/Physicist incrested in the interactions of bix-molecules wit 

natural membranes and synthetic bio-inspired membrane systems for solar encrgy applications Previous X-ray or neutron scaltering techniques are highly desirable 

‘Contact: Dr. Hugh O*Nell, email 20. 

Post Doctoral Research Associate: Virus Structure and Function: We scck » Biophysicis/Biochemist or Physicist to work on Small Angle Neutron Scattering 

(SANS) and neutron reflectivity analysis of virus structure and function. The candidate should be proficieat in conducting all aspects of experimental scattering and 
alysis, data reduction and modeling. Previous work in either neutron or X-ray scatiring is desirable. Contacts: Dr. Flora Meilleur, cul; meilleurfa ornl,gov; 

Dr, Dennis Brown (North Carolina State University), email: dennis browwa nesu.edu. 

Post Doctoral Research Associate: Biopolymer Structure: We sock a Biophysicist, Physicist or Physical Chemist 0 work on the X-ray and neutron analysis of 

hierarchical structure in lignocellulosic materials. Lignocellulose holds great potential as future source of bio-fuel. The successful candidate should demonstrate 

sis in experimental research, with strong emphasis on mathematical or computational data analysis. Contact: Dr. Volker Urban, cml: urbanvsiaornl.gov 

Post Doctoral Research Associate: Molecular Computational Modeling: We scck a Biophysicist, Physicist, Chemist or Computational Scientist with experience 

the study of biological macromolecules and software development in C/C+> of another high-level ence 
rystallgraphy is desirable, but not required. The rescarch will entail developing computational met 

‘of macromolecular complexes that combine small-angle X-ray and neutron scattering with data from other experimental methods including NMR, mutage 

‘rious spectroscopies. Contact: Dr, William Heller, cmail:hellerwt@ oral:gov 

‘Three Researeh Assistants in Molecular Biology and Protein Chemistry In adsition, we have openings for upto three Research Assistants to work on expression 

and purification of recombinant protcins from bacterial and eukaryotic sources. M.S. or BS. in biochemistry, molecular biology or a relate discipline is requied, 

‘Contact: Dr. Dean Myles, email: mylesda(a ornl.goy 

How to Apply: Qualified applicants may apply online at https://www2.orau.goviORNL._POST/. All applicants will ned to register before they can bein th 

‘online application. For complete instructions, on how to app, please see the instructions at: hitp:/iwww.orau.gov/orise/edw/oraLoral-pdpm/application.htm, 

When applying for this postion, please reference the postion ttle and number. This appointment is offered through the ORNL. Postdoctoral Research Associates 

Program and is administered by Oak Ridge Associated Universities (ORAU). 


This appointment is open to all qualified US. and non-U.S. citizens without n ligion, sex, national origin, physical or 


‘memal disability or status as @ Vietnam-era veteran or disabled veteran 
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Faculty Position 
Cancer Biology 


Applications are invited for a tenure-track position at the Assistant Pro 
fessor level. Exceptional candidates will be considered for appointment 
ft higher rank. We seek scientists working at the cellular, molecular of 
genetic levels on projects related tothe causes, progression, diagnosis or 
treatment of cancer, Appointment will be inthe Dept. of Biochemistry and 
Cancer Biology, with the possibilty of a joint appointment in a clinical 
department for applicants doing translational rescarch. Cancer research 
has been tangeted for strategic emphasis, and excellent facilities, start-up 
packages, and collaborative opportunities are available. Rescarch arcas 
‘currently represented in the department include signal transduction, 
protein trafficking, DNA damage/repair, development of gene therapy 
vectors, and regulation of gene's involved in cell growth, cell differentia- 
tion, and programmed cell death. Applicants should have aPh.D. or M.D. 
degree with substantial postdoctoral research accomplishments. Success- 


ful candidates will be expected to develop or have extramural funding 
for their research progeam and be able to participate in the educational 
missions ofthe medical and graduate colleges. 


Applications should include: a CV, description of research plans, copies 
Of selected publications, and contact information for three references 
Materials may be sent via regular mail or e-mail (PDF format) t: 
“ancer Biology Search Committee 
c/o Jenifer Zak 
Department of Biochemistry and Cancer Biology 
‘of Toledo Health Science Campus - Mail Stop #1010 
Gormerly Medical University of Ohio) 
‘3000 Arlington Ave. 


University of Toledo is commited to diversity and equal opportanity: 
Applications from women and minority carsidates 
‘are strongly encouraged 
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NSF-IGERT Opportunities at the 
University of Wisconsin-Madison 
Exceptional students interes in intrdieipinar and intemational 


vited to apply for traineeship with generous 
ih benefits. Opportu lable 


in two different programs 


Biodiversity Conservation and Sustainable Development in 
Southwest China 


IGERT trainces will address the interactions of ecology, livelihoods, 
and govemance by pursuing a PhD in one of over a dozen depart- 
‘ments and participating in IGERT seminars, workshops, language 
training, and field research in the Himalayas of Yunnan, China - a 
“biodiversity hotspot.” The application deadline for this pro 
February 1, 2008, 


Lear more: ht 


Certificate on Humans and the Global 
(CHANGE IGERT (Nelson Instinae for Envivoramenal Studies) 

CHANGE IGERT fellows acquire graduate certificate that 

blends natural science, social science, and humanistic approaches 

to understanding environmental vulnerability and sustainabi 

they pursue their PhD. The application deadline for this program is 

January 2, 2008, 


Leam more: hitpyhvww.sagewise.edu/igert/ 
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Department of Health and Human Services 
National Institutes of Health 
National Cancer Institute 


Cancer Proteomics Technology Projects Manager 


‘The Office of Technology and Industrial Relations (OTIR) of the National Cancer Institute (NCI, National Institutes of Health (NIH), Department of Health 
and Human Services (DHHS), invites applications for a Cancer Proteomics Projects Manager, GS-401/601-13/14. OTIR is currently coordinating program and 
research activities ofthe NCI Cancer Proteomic Technologies for Cancer Initiative -alarge aulidisciplinary initiative (http://proteomics.cancer.gov), to optimize, 
develop and apply proteomic technologies and data resources to sol\é mission-critical problems in cancer research. 


‘The successful candidate serves as a Cancer Proteomics Teskinology Projects Manager assisting in lots tht integrate proteomic & genomic-based technology 
programs, metrology, and quantitative analysis in addition to cancer treatment and diagnostic programs since these technologies hold the promise to accelerate the 
Aiscovery and development of diagnostics und drugs suitable for personalized therapy. Pertinent also to this position i interaction with OTIRINCT's Innovative 
Molecular Analysis Technologies Program and Alliance for Nanotechnology in Cancer. This isa key management positon for providing leadership, management, 
and oversight ofa wide range of projects within the NCI Cancer Protoomic Technologies for Cancer Initiative. The individual selected for this postion wil be 
conversant with range of biomedical and protcomics technologies and applications a they pertain to cancer diagnostics, prognostcs, and reatment, In addition, 
«publication record in scientific and technology areas in biomedical research related to the measurement of clinically relevant peptides and proteins including 
genctics, genomics, biochemistry, ell signaling and protein chemistry is needed. Candidate needs to have proven experience in managing research programs and 
ability to assess technological ‘big picture’. Excellent communication skills are required; having industrial experience is plus. A Ph.D. in physical, chemical 
corbiological seiences is desired, but not required 


‘Salary is commensurate with experience and full Civil Service package of benefits (including retirement, heal, fife and long-term eare insurance, Thr 
ings Phan participation, et.) is available. The NCI vacancy announcement for these postions Contains complete application procedures and lists all mandatory 
information which you must submit with your application. To obtain the vacancy announcements for this positon, see announcement number NCL-08-228790 


DE/MP at http:/usajobs.opm.gov. Applications must be received by no later than November 20, 2007. 


@ 


The National Institute of Genera Medical Sciences (NIGMS) in Betbets, Maryland is 
seckng applications from outstanding candats witha strong background in biochemsy 
for ae Health Scientist Administrator positon in te Division of Pharmacology, Phys 
ology and Biological Chemistry, which seppors primarily basic, non-isease-oriend 
research and taining. including a substantial portfolio of esearch in bier. 


The incumbent for this position will be responsible for developing and managing a 
Portfolio of research grants that support studies in redox biochemistry, bioenerpetis, 
‘md etalobiochemistry and/or related areas. The ideal candidate wil have a substantial 
background in one oF more of hase aeas as wel as athorough grounding in such areas 
1 onganc chemistry, pharmacology oF molecular biology. Prioe experience in research 
atthe molecular level is highly desirable 

Applicants must possess a Ph.D. of M.D. plus eietific knowledge and demovsaratd | 
expose in biochemistry and at least one of the following areas: onan chemistry, 
molecular biology, pharmacology of related areas, and knowledge ofthe NIH poe 
review and yrants process. Salary is commensurate with qualifications, and includes 2 
fall package of benefits. A detailed vacancy announcement (NIGMS-06-220223-DE & 
[NIGMS-08-229223-MP) withthe mandatory qualifications and application procedures 
can be obtained via the NIGMS web page at job vacan- 


(re 
cies.htmlandthoNTH Home page at bitp:iwwn.jobs.ih. gov. Questions on ppicatoe 


procedures may be adsiressed to Jennifer Gilman at 301) $94-2286, Applications mest 
be received by close of business December 18, 2007, 

The National stints of Health inspires public confidence incur scienceby maintaining 
highethical pinciles. NIH employees are subject to Fedral govrement-wide relatos | 
and statutes as well as agency specific ngulations described at htp/lethics.od.nih go. 
Weencourage you to review this information. 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


ps 


CANCER BIOLOGY 
‘TENURE TRACK POSITION 
LABORATORY OF CANCER BIOLOGY AND GENETICS 


The Laboratory of Cancer Biology and Genetics (LCBG), Center for Cancer 
Research (CCR) a the National Cancer Insitute (NCI), National Institutes of Health 
(SIH) with proven strength in cancer genetics, signaling, chemical carcinogenesis, 
‘metastasis, molecular pharmacology, TGF-fpbiology, prevention and mouse modcls 
of human cancer, has recently undergone expansion (htp/ecrcancergov/abs/b. 
asp?labid-825), As part ofthis growth, the LCBG now invites applications for a 
tenure track inyestizatorto develop an independent research program in critical arcas 
of cancertiology. The applicant should bolda Ph.D. andlor M.D. degree, and should 
hve atleast 3 years of postdoctoral experience; a substantive record of publica- 
tions in quality peer-reviewed journals, and the potential to develop an outstanding 
independent program in basic and trandational cancer research. 


Solar iscommensurat wth edocaton and expricnes. Aone to two-page summary 
of research interests and goals should be submited ination to thre eters of 
‘recommendation and a curriculum vitae postmarked by December 20, 2007 to Ms. 
Patricia Martone, Executive Secretary, LCBG, CCR, NCI, Building 37, Room 
4068, Bethesda, SID 20892-4255; Phone 301-196-3480; Fax 301-496-8 

‘mal: martonepi@maiLaih gov 

Egibiliy:Appoinacs must be US. citizens, resident alin, or nonresident aliens 
‘with a valid cmployment-authorized visa, NIH tenure track investigators with 
educational debts may be cligible for the NIH Loan Repayment Program. 


Tenured/Tenure Track Investigator 


The Laboratory of Neuropsychology (LN) of the National Institute of Mental Health (NIMH) seeks a highly accomplished Tenured 
or Tenure Track Investigator conducting cognitive neuroscience research in nonhuman primates to head an active, ongoing program 
in this area, The position comes with a budget and staff. The strong scientific environment and outstanding resources at NIMH for 
carrying out such a program make this a unique opportunity for a high-achieving cognitive neuroscientist. The position also offers 
Unparalleled opportunities for interdisciplinary collaboration with scientists throughout the NIH. The successful candidate will be 
expected to strengthen the current program. 


Applicants should have: a Ph.D. and/or M.D. degree: experience as an investigator applying the techniques of neuropsychology, 
functional neuroanatomy, behavioral neuroimaging: behavioral electrophysiology, and/or neuropsychopharmacology toresearch with 
nonhuman primates; national/international recognition for Studies in one or more of these disciplines; and experience in administer- 
ing a neuroscience research program: 


ry is commensurate with experience and accomplishments, and a full Civil Service package of benefits (including retirement, 
health, life, and long-term care insurance, as well as a Thrift Savings Plan, etc.) is available. NIMH is a major research component 
of the National Institutes of Health and the Department of Health and Human Services, which haye fiationwide responsibility for 
improving the health and Wellbeing ofall Americans, Interested applicants should send curriculum vitae, bibliography, statement of 
research interests, accomplishments, and goals, together with six leters of reference to: Leslie Ungerleider, Chair, Search Comm 

tee for LN, NIMH, NIH, 10 Center Drive - MSC1366, Bldg. 10, Rm. 4104, Bethesda, MD 20892-1366; or email to ungerlel@ 


mail.nih.gov, Application deadline: January 2, 2008, 


NIEHS 


National institutes of Health 


The Biostatistics Branch is seeking scientists in Biinformatics/Computational 
Biology. Candidates will be considered fr Senior Investigator, Tenure-Track 
Investigator or Staff Scientist, depending upon qualifications (unless they 
explicitly specty a particular type of appointment). 


‘Asa Senior Investigator, the incumbent wil develop and directa strong 
research program including both investigator initiated and collaborative 
research in the general area of bioinformatics and computational biology, 
particulary as related to biological networks, analysis of high-dimensional data, 
tive and functional genomics, gene expression, statistical 

. Responsibilities would also include assembling and 
‘managing a bioinformatics team to provide bioinformatics infrastructure and 
innovative data analysis approaches in supporto intramural research aimed 
at understanding biological responses to environmental stressors in the context 
of cell biology, animal toxicology, clinical research and epidemiology 


The Senior Investigator will provide leadership in bioinformatics to new staff 
‘and to existing staff, consisting ofa staff scientist and tenure-track investigator. 
Ideal candidates wll have a proven histor o individual and collaborative 
research excellence and an international reputation ina specific area within 
the broad general of bioinformatics and computational biology, with strong 
focus on biological application. 


Senior Investigator, Tenure-Track Investigator, and Staff Scientist 


in Bioinformatics/Computational Biology — Biostatistics Branch 
Research Triangle Park, North Carolina 


‘Tenure-Track Investigator should have a strong publication record and robust 
and original esearch plans inthe general area of bioinformatics noted above, 


The Sta Sciemtist will work withthe National Toxicology Program to assist 
inthe identification of genes governing biological responses to environmental 
exposures, the evaluation and interpretation of biological response data from 
high-throughput toxicity screening assays, and the analysis of gene expression 
data from microarray studies. The idea applicant wil have experience in both 
bioinformatics and statistical genetics methodology 


‘All applicants must possess a PRD. or equivalent. Salary is commensurate 

with experience and evel of accomplishments. Applications from women 

and members of minority groups are particularly welcome. To apply, submit 
curriculum vitae, bibliography, brief statement of research imerests and arrange 
for three letters of recommendation to the address below by January 18,2008 
Applications received after that date willbe considered as needed. 


‘Ms. Barbara Curtis (DIRO7-06) 
National institutes of Health 
‘National institute of Environmental Health Sciences 
PO. Box 12233, Maldrop AZ-06 
111 Alexander Drive, Room A235 
Research Triangle Park, NC 27708 
email: ir-appls@niehs.nih.gov 
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Science Careers 


BCM 


Baylor College of Medicine 


Faculty Positions in Virology and Microbiology 
‘The Department of Molecular Virology and Microbiology a Baylor College of Medicine invites api 
cations for three tenure tenure-track faculty postions, with rank commensurate with qualifications 
Successful candidates will have demonstrated research prctivity and willbe expecta to maintain 
an independent, innovative Funded research program and to participate in graduate training. This sa 
‘opportunity to jin strong. interactive department at Baylor College of Medicine inthe rich sciemic 
Setting of the renowned Texas Medical Center Current research interests of our departmental faculty 
focus on vraand bacterial pene expession and pathogenesis, RNA and DNA viruses of human diseases, 
merging infectious diseases, vaccine devclopicnt and evaluation viral oncology microbial xenon 
find proteomics, and antibiotic resistance. Outstanding core facilities are available, inchading BSL2 
and new BSL-3/3E containment facilities foe handling infectious agents and infcced small animals 
‘Mulidiscipinary research enters, ineluding the Dan L. Duncan Cancer Centerandthe Center fr AIDS 
Research, fcitate collaborations. Candidates in the fllowing areas ae invited to apply 
+ Influenza/E merging Viral Infections — Applicants with an interes in iflucnza viruses o other 
emerging vial Infections are sought. Applicants with expertise in host-pathogen interactions, 
Viral replication, and host responses to infection are encouraged to apply. Emait: BCM-MIVM- 
{acultypost@bemeda 
Bacterial Pathogenesis — Applicants with an interest in Category A-C biodefense and emerging 
infectious disease bacterial pathogens and experts in host-paogen interactions, microbial genoa 
ies and proteomics, and host responses to infection are particularly encouraged to apply, Email 
BCM-MVM-facultypos2éa bem.edu 
HIV/AIDS Research — Applicants with expense in HIV pubogenesis, HIV-related 
nology, and AIDS-related malignancies are encouraged to apply. Email: BCM: 
facultyposSabemed, 


‘of three references by January 4, 2008 to: De. Janet S. Bute, F 
‘ment Committee, Department of Molecular Virology and Microbiology, Mail S 
Baylor College of Medicine, Houston, TX 77030, E-submission preferred using the email address 
listed for each position. 
Baylor College af Medicine is an Equal Opportunity: Affirmative Action and 
Equal Access Employer. 


WESTERN UNIVERSITY OF 
HEALTH SCIENCES 
COLLEGE OF OSTEOPATHIC MEDICINE 
‘OF THE PACIFIC 


FACULTY POSITIONS AVAILABLE FOR 2008-2009 


Western University of Health Sciences is a thriving center for health care and veterinary edu 
cation. Western University www.westernu.edu is headquarters to five colleges ~ Allied 
Health, Graduate Nursing, Osteopathic Medicine, Pharmacy and Veterinary Medicine, The 
University's core values have propelled the University to impeccable levels of excellence. 


‘The University valuesa diverse institutional community ands committed to unparalleled excellence in its 
faculty staff and stents. Wester University socks applicants of distinguished academic and administrative 
accomplishments whopossessa passion for excellence andcanTutrateaproven track recordofachicvements, 


The University is embarking on a new journey. adding another four graduate colleges a the same time by 
2009 ~ Dentistry, Optometry, Podiatry and the Graduate College of Biomedical Sciences 


‘The Depantment of Basic Medical Sciences inthe College of Osteopathic Medicine ofthe Pacific will provide 
the basis ofthe preclinical education and wil require a significant increase in highly motivate, innovative 
and committed faculty members. full range of tenure-track faculty positions with dual appointments othe 
above colleges athe level of Assistant, Associate or Full Professor are available. The successfil applicant 
‘must have a Ph.D. or equivalent, and a last 2 years of postdoctoral experience. Applicants with demon 
strated evidence of excellence in teaching and a commitment to interprofessional education will be given 
preference. Significant scholarly activity, publications anda strong potential to obtain extramural funding 
Is expected, These positions will be available inthe fall of 2008: * Clinical Pharmacology (emphasis in 
anesthesia) + Endocrine Physiology + Genetics * Dental Histology + Histology 

‘Oral Microbiology + Virology + Visual Neurophysiology. 


Applicants must submit the following information: (1) a current curriculum vitae: (2) cover letter explain- 
ing how the applicants background meets the requirements of the position applied for. This letter must 
inchide a bref statement including examples of teaching experience, philosephy, goals and research activ 
Please include contact information for three references: (3) compicted Employment Application found 3 
http:/iwww.westernu.edu/bin/hr/pdCapplication for _employment.pdf. Scnd to: Nissar A. Darmani, 
Ph.D., Chair, Department of Basic Medical Sciences, Western University of Health Sciences, College 
‘of Osteopathic Medicine ofthe Pucific, 309 E. Second Street, Pomona, CA 91766-1884; Email Address: 
ndarmani“a westernu.edu. Positions are open until filled. 


Western University of Health Sciences is wn Equal Opportunity Emplover 


+) CHAVI 


POST DOCTORAL 
POSITIONS 


The Center for HIV/AIDS Vac 
Immunology (CHAVD, occupying a 
place of national and international lead: 
ership in the fight against HIV/AIDS, is 
currently seeking candidates for two 
postdoctoral positions in our CHAVI 
RNA expression program, One position 
will work with Dr. Norman Levtin at 
Harvard Medical School, Beth Israel 
Deaconess Medical Center in Boston, 
MA and the other position will work 
with the CHAVI Director, Dr, Barton 
Haynes, and Dr, David Goldstein at Duke 
University and the Duke Institute for 
‘Genome Sciences and Policy in Durham, 
NC. 

The overall goals of the CHAVI are to 
discover the enabling technology to 
produce aHIV/AIDS vaccine. The RNA 
expression program utilizing bioinfor 
matics will help the CHAVI team learn 
moreabout the viral and immunological 
events and host genetic factors associ 
ated with HIV transmission and infec 
tion. Since itsinception in July 2005, the 
CHAVIhas established clinicaltrialssites 
in Africa, the United States and the 
United Kingdom, initiated the study of 
innateandadaptivecellularandantibody 
responses in acute HIV infection and. 
exposed and uninfected patients, and 
established the EuroCHAVI Genetics 
‘Consortium. Thisis a multi-institutional 
team performingexperimentalandcom 
Putational studies to test new vaccine 
strategies to overcome key immunologi: 
cal roadblocks in HIV vaccine design 
Qualified candidates should have a rel 
evant Ph.D. and experience in RNA 
‘expression work or computational biol 
‘ogy evaluating genomic data, 

Please send a cover letter, current CV, 
and three letters of reference to the ap 
plicable location, If interested in either 
location, please indicate in your cover 
letier andsend to: Dr. Norman Letvin, 
Harvard Medical School, Beth 
Israel Deaconess Medical Center, 
330 Brookline Ave., RE 113, 
Boston, MA 02215. Email: nlet- 
vin@bidmc.harvard.edu 


AND/OR 


Dr. David Goldstein, Duke 
University MedicalCenter, Institute 
for Genome Sciences, 103 Research 
Dr., Box 3471, Durham, NC 27710. 
Email: dgoldstein@duke.edu. 


(CHAVLis an EquelOpporuty 
Afimaine Acton Emgioer 
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MMUNOLOGY FACULTY POSITIONS 
Roswell Park Cancer Institute 


Under the leadership of a newly appointed department chair, Roswell 
Park Cancer Institue is committed to the expansion of its Immunology 
program. The Department of Immunology invites applications for post 
tions equivalent to the Assistant, Associate and Full Member (Professor). 
‘Candidates are sought with a strong background in Immunology with 
special interest in Tumor Immunology, to complement and broaden the 
‘expertise of existing faculty in the department and strengthen the mission 
of the Institute as an NCI-designated Comprehensive Cancer Center 


Selection will be based on excellence in research and potential to maintain 
an outstanding independent research program. Applicants at the Associate 
and Full Member level will be expected to have current peer-reviewed 
funding and to maintain a productive research program. The new recruits 
will have the opportunity to contribute to the graduate education program 
a the Institute and to administrative responsibilities of the department 
‘The Tumor Immunology Program has just successfully renewed its NCI 
predoctoral training grant (T32). We encourage applicants who desire 
1 environment that fosters interaction with a diverse group of scicatists 
‘and clinicians both withia the Institute and the State University of New 
York at Buffalo, 


(oc ex bined asia aun igi 
cares a oral ntti RL Se 
aceon et Doe rer ce te se 
Buffalo, NY 14263. ROSWELL, 
trctissuinmw atensvescion fd PARK 


MAX FoR. 
CCK. HUMAN COGNITIVE 
PLANCK AND BRAINSCIENCES 


INSTITUTE tevzic 


In the Department “Cognitive Neurology” (Director: Prof. Arno 
Villringer) at the Max Planck Institute for Human Cognitive and Brain 
Sciences Leipzig three positions are available for 


Junior Group Leaders 
the feds of “EEG-{MRI", “Daa analysis of EEG/MEG signals” and 
juman Cortical Plasticity”. The main research areas of the department 
ee Ssemertoeleay of eomminnging net oe ‘and “plasticity 
air sok 

The successful candidate holds a PRD or MD degree in s relevant 
research aea and should have previous experience in one of the above 
toentoned research Hels 

The Max Planck Instiue offers friendly and generous environment 
ts wells caceletinfrstoctre(incudiog human 3T and 71 MRI, 
EEG TMS, NIRS, MEG) lbrings ogeter ge mumber of scarchers 
with diverse Backgrounds, united by their intrest in the human bain 
tied the methods forts exploratn 

Jn coder frente properton of ole sal moniber,splctions 
fiom female scientists ae particularly encouraged. Disabld splicants 
are prefered i qualification is equal 

For more information you may contact Amo Vilsnger (illinger@ 
ounye eh 

The sclction procedure sas asthe sppictions cousin, Paso pod 
Your application (oclodng CV, pebication lit ener of moiaton), 


iting the code number "GL 07" to 
© 
@ 


Max-Planck-lnstitut fOr 


‘Kognitions- und Neurowissenschaften 
= Verwaltung ~ 

Stephanstrafle 1 2, D-04103 Leipzig 
www.cbs.mpp.de 


FALL 2008 Ph.D. PROGRAMS 


DOCTORAL PROGRAMS IN THE 
s CHEMICAL AND BIOLOGICAL SCIENCES 


WD Reseance shoo! of Science and 


he Kellogg 


lechnology at Scrip Research Inst 
¥ ait highly qualified chemastry and bology 

SF insrivere ena tobe lala Coons oO 

Jupiter, Frida campus to study Boog i chemical biology o 

Chemisty, employing a highly nterdsciplirary approach clus 

curiculum, The application deadine fr Fall 2008 i January 1, 2008 

Established in 1961, Scrinps Research institute has gained international 


‘cognition for basic research in chamisty, structural, moleclat and cell ology 
Graduate studies at Scripps Research Insti 

a uniqualy mulbisciplinary enw 
valized training 


Candidates must have a bachelors degree and a sion 
biophysics, chemistry. ora elated cscigkine. vali 
to vist the campus of admission. Financial support wil be 
students accepted inte the program 


Individuals interested in applying should wsit Scripps 
sites wavw Scripps edu or www Scrip 


Kellogg Schoo of Science and Tecnology 
The Serpps Research Institute 

DSO N. Torey Pines Ret (TPC 19 
La Jolla, A $2037 


Tel 858-784-8169 email: gradprrn@sriogs edu 
Fis accredited bythe Western Association of Schools and Colleges 


Atlantic Avenuo, Alameda, CA 5450} (510-748-9001). Seupos Resear 
siscrminate on the basis of race, coer, national or etic ong 


KELLOGG SCHOOL 


PROTEOMICS POSITION 
UNIVERSITY OF WASHINGTON 


The Department of Genome Sciences at the University of Washington 
School of Medicine in Scatle invites applications for one or more faculty 
Positions atthe rank of ASSISTANT PROFESSOR working in the field 
‘of proteomics on protein composition, function, dyn 

and interactions. Exceptional candidates may be considered atthe rank 
of ASSOCIATE or FULL PROFESSOR. 


Primary emphasis is on the establishment of an outstanding independent 
research program in proteomics, as well as participation in the teaching 
and service responsibilities with the Department of Genome Sciences. The 
Position also provides: 

Provides access to state 


sociation with the Proteomics Resource, which 
he-art equipment and facilities, as well as 

‘opportunities to establish collaborations with laboratories throughout 

University of Washington and o play a leaders 

wider proteomics program, 


ole in the University's 


The Proteomics Resource facility occupies almost 7000 sq. ft of space 


‘0 the School's new Lake Union Campus and has obtained substantial 
long-term financial support of is mission. allowing for equipment acquis 
tion and renewal, development of computing resources and recruitmen 
of key personne! 


Applications received by December 1S, 2007, will receive consideration, 
Taereafier, applications will be reviewed upon receipt until the position(s) 
axe filled. Applicants should hold a Ph.D. or M.D. degree, Candidates 
should email their curriculum vitae, statement of research and teaching 

to have three signed letters of reference sent 10 
faculty-searchags.washington.edu. The Department of Genome 
Sciences web site is htt washington,edu, The Proteomics 
Resource web site is bt 


The University of Washington is building a culturally diverse faculty 
‘and strongly encourages applications fram women anid minrity 
candidates. The University of Washington is an Affirmative Action 
Equal Opportunity Emplover 


DUKEBSNUS 


DIRECTOR and Senior Faculty 
Program in Cardiovascular and Metabolic Diseases 
‘The Duke-NUS Graduat: Medical Schoo! Singapore (Duke-NUS GMS) is 
recruiting a Program Director to leal our signature program #1 Canbovascular 
and Metabolic Diseases, witha primary focus on the prevention and treatment 
of vascular disease, including diabetes and cbesity. The successful candidate 
will be a visionary scientist with an MD andor PhD and an international 
reputation in either basic or clinical research. Also required isa demonstrated 
bily to establish and lead a multdiseiplinary team of tenure-track faculty 
and associated junior faculty and trainees. The Program will be based in 
Singapore; however some research is likely to be conducted in countries 
{in the region. In addition, we also scek senior faculty who have significant 
research accomplishments and a willingness to participate in a research 
prise that embraces a virtual academic environment that will reshape 
both fundamental views of cardiovascular dscase and the delivery of effective 
diagnostic and therapeutic technologies. The positions will include full 
salary, generous start-up support, and five years of annual research funding 
The faculty of Duke-NUS GMS will have access to the world-renowned 
Duke Databank for Cardiovascular Diseases and the Duke Clinical Research 
Institutes databases and clinical trials portfolio. The Director should have 
1 commitment to developing an integrated portfolio of research activities 
between the Duke-NUS GMS and Duke University in Durham NC. 
Duke-NUS GMS is unique in bringing post-baccalaureat,rescarch-itensive 
redical education to Asia and represent a truly global partnership between 
two leading US. and Asian universities, Duke-NUS GMS shares a modern 
‘campus with Singapore's largest hospital and yeveral national research centers 
{including the National Heart Cente. The facilities in nearby Biopois, and those 
inthe planning stages for proof of concept human studies anda clinical research 
‘ooedinating center, will provide a unigue array of complementary resources 
Inerested candidates should email a cover letter stating the postion applied 
fox, curnculum vitae anda summary of search accomplishments tothe Search 
Comittee on Cardiovascular and Metabolic Diseases, Duke-NUS GMS: 
CYMD.receuitirgms.edu.s 
Igniting the Pioneer Spirit 


Faculty Positions 
Department of Pharmacology 
The University of Michigan 


‘The University of Michigan, Department of Pharmacology is secking 
outstanding scientists for a tenure-track ASSISTANT PROFESSOR 
position. We are especially looking for an outstanding scholar with 
‘exceptional potential to develop a vibrant research program that augments 
‘current department initiatives in Pharmacogeneticx/genomics, Drug 
Metabolism, o¢ Signal Transduction (see Wttp:lsitemakeramichedw 
pharmacology/faculty_listng for faculty interests). Qualifications include 
‘4Ph.D. in Pharmacology or a related discipline andor M.D. degree, 3-5 years 
‘of postdoctoral experience, and research accomplishments as evidenced by 
scholarly contributions to the literature. 


‘The successful candidate will join a dynamic, diverse, and collaborative 
department in a Top 10 Medical School in a university setting with superb 
‘opportunities for career development. The quality of life in Ann Arbor is 
‘outstanding. The combination of a large, major research university and a 
‘mall, sfe, family-oriented community make Ann Arbor an ideal environment 
to develop an academic and research career. Ann Atbor also offers an 
‘oustanding combination of sports, recreation, anu cultural events 


Faculty members are expected to establish a highly visible externally funded 
research program and to excel in teaching medical students and other health 
professionals, as well as graduate and postdoctoral students. An attractive 
Startup package including excellent laboratory felities and generous startup 
funds will be available 


‘Send your CV, a two-to four page summary of your research and future plans, 
and details of your teaching experience. Three letters of recommendation 
should also be sent. Address all correspondence to: Chair, Pharmacology 
‘Search Committee, Department of Pharmacology. University of Michigan 
Medical School, 2301 MSRB I, 1150 West Medical Center Dr. Ann 
‘Arbor, MI 48109-8632. Applicaton materials may also be sent electronically 
to: pharmsearch‘a umich.edu 

The University of Michigan isan Affirmotive Action/Eq ual Opportunity 

Employer: Applications from qualified women, minorities andor 
disabled individual are encouraged 


g ‘THE CHINESE UN 


Applications ae invited for 
Department of Biology / Department of 
Computer Science and Engineering 


(1) Professor(s) / Associate Professor(s) / 
Assistant Professor(s) 
(Ref. 07/247(665)/2) (Closing date: February 29, 2008) 


Applications ae invited fortwo new faculty position in bioinformatics 
{and computational biology. Appointments will be made at Professor, 
‘Associate Professor of Assistant Professor levels as appropiate 
‘Applicants should have (i) PAD degree ina relevant disciph 
preferably atleast one year’s postdoctoral experience: and (i) sine 
ommitment io excellence in teaching a undergrate and postgres 
tevel. Sppoiniment will he commensurate with experince and 
Galifications. The appointees wil work closely withthe current team, 
{Towards the formation ofthe centreprogramme of bioinformatics and 
Iho-technologicn. The appointees will bea member othe Department 
Biology or the Department of Computer Science and Engineering 
acconing to hivber area of expertise and will jan various camp based 
Sentres that connect theoretical and experimental researchers in 
Bioinformatics trom different departments in biological, physical 
‘mathematical and medical scicnces, and engincering. Dates ince (a) 
‘Seveloping state-of the-art research on iategraive Jats analysis and 
interpretation using mathematical and statistical malls for hiv 
‘System: (h) initiating and strengthening multidisciplinaty collaboration 
‘Riess fundamental biologea! questions n model and on model 
‘xpanivms (6) conducting research with primary emphasis covering (it 
‘ot limiting to) bioinformatics application of database, data mining. 
Imuchine learning and algoriime: aetwork mosctng and yates blogs 
‘Comparative genes: compaational chemical genomics al uct 
‘omtermacs: (dh estabishing and mainaining a vigorou, innovative 
and collaborative recarch programme: (c) participating in teaching 
‘Scpartmental and intrdepartmental postgraduate programmes: and (0) 
“veloping and diver course in Hoinormatis for stents in meted 
“epartments. Appointments will normally be mune on contrat basis fo 
‘upto thrce years iniually. Leading to longer-term appointment or 
SSbstantaton late subject to performance and mutual agreement. [Nove 
‘Thome who have responded to the previous advertisement for this ust 
(under Ret, 96. 06215/2) need no reapply on tis oxeasion. | 


Department of Anatomy 
(2) Research Assistant Professor 
(Ref. 077245(665 2) (Closing date: November 19, 2007) 


Applicants should have (i) a PAD or an MD degree: (i) several years’ 
‘relevant biomedical research experience; an (i) a g00d 
‘record in ternational referced Journals w 
Sppountce wil (a participate in research on neuroeience developmental 
nd stem cell biology. ev cancer and cell biology: (b) develop hiv 
‘wn niche w crementioned fields; and (c) teach anatomy 
Courses, The appointee will solicit external research tundin 
tn ‘niract asks for up t thse 
eager cm aposntment abso aor 
mutual agreement 


Salary will be highly competitive, commensurate with qualifications and 
experience. The University offers a comprehensive fringe benefit 
Package. including medical care. plus a contracteend gratuity for 
Sppointments of two years or longer, and housing benefits for eligible 
appointees 

Further information about the Univenty and the general terms of service 
{or appointments is available at p:/rw.cul edu hk/personnel.. The 
terms mentioned herein are for reference only and are subject wo revision 
by the University 


Application Procedure 
‘Bor po Ly: Please send a cover letter, full resume, copies of academic 
‘redertals. a publicatn li andl abstract of clock published papers, 
{research statement and a teaching statement (in pdf format toget 
‘with ames addresses aa fat mutiber e-mail akeases oat leas thee 
{eferces to whom applicants” consent has been given for thei proving 
feferences (unless otherwise specified) 0 bit recruit cu edi. hk 
2y Please send full resume, copies of academe credentials a 
publication ist and/or abstracts of scleced published papers, together 
‘with name. addresscy and fax number mail addresses of three referees 
{To whom the applicants’ consent has been given for their providing 
‘ferences (ales otherwise specified), 10 the Personnel Office, The 
Chinese University of Hong Kong. Shatin, N.T., Hong Kong (Fax: 
(852) 2603 6852) by the cloning date 
“The Personal Information Collection Statement willbe provided upon 
request. Please quote the reference number and mark “Application 
Confidential” on vover. 
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Nebisek: 
Lincoln TANR 
Veterinary and Medical ParasitologistEntomologist 


Departments of Entomology and 
Veterinary and Biomedical Sciences 


Institute of Agriculture and Natural Resources (IANR) 
University of Nebraska-Lincoln (UNL) 


The University of Nebraska-Lincoln is seeking applications to fill 12 
‘month, tenure-leading. Assistant Professor postion fora Veterinary and 
Modal Prasitologis Entomologist inthe Departs of Entomology 
(7O%rescarch) and Veterinary and Biomedical Sciences (30% 

This position is part of an innovative Professional Program 
Medicine between UNL and the lowa State University College of 
‘Veterinary Medicine (ISU CVM), For more information and a complete 
job description, please visit the respective departments’ websites: https 
Ment wunl.edu and http:/sbms.unL.edu. This postion requires 
APD. and experience in medical veterinary entomology, parasitology 
oF related field 


To apply. go W http://employmentunLedu, Search for requisition 
070866, Complete the faculty academic administrative information 
form, Attach leter of application, curriculum vitae, and. list of ref 
‘ences, Review of applications will begin January 4, 2008, and continue 
‘until the position is filled oF the search is closed 


The University uf Nebraska is committed to a pluralistic campus 
community through Affemative Action and Equal Opportunity and 
is responsive w the needs of dual career couples, We assure 
accomadation under the Americians with Disabilities Act; contact 
Marilyn Weidner at 402-472-8679 for assistance 


UtahState tant Professor 
UNIVERSITY physiological Ecologist 


Assistant Professor [lemure-track: 9-month appointment; Research and 
Teaching} in the Department of Biology, Ulah State University (http: 
‘iwwn.biologs.usu.edu). We scck an animal physiological ecologist whoss 
Tescach addresses whole organism responses anthropogenic and natural 
stressors inthe environment, with an emphasis onthe ecological and evelution- 
2=y implications of these responses. Preference will be givento applicants whose 
‘catch complements esablied programs in community ecology physiology, 
fisheries ecology, macroccology, evolutionary biology. functional genomics, and 
conservation ecology within the Biology Department (www biology: uswedu) 
land the Ecology Center (www.usuedu ecology). This is a 9-month, tenure 
track position with approximately equal emphasis on teaching (undergraduate 
land graduate) and rescarch, A PhD. is required, and evidence of proficiency 
in both teaching and rescarch will be used as selection criteria, The succes 
ful applicant will be expected to establish and maintain an extemally 
research program, Teaching responsibilities may include a course in Com- 
parative Animal Physology and a graduate course in Physiological Ecology 
Applicants mast apply wsing the online sys at: http:/www.su.¢du/hr 
Applicants are required to submit: leticr of application stating qualifications 


ferences. Applications 
will only be accepted through the online system but for further information 
it Dr. Keith A. Mott, Search Committee Chal, 
kmotta blology.nsu.edu. Review of applications will begin 14 December 
2007 and continue until the position is filled. Utah State University (USU) is 
‘8 Camegie-! rexarch institution of over 20,000 students, nestled in a semi- 
rural mountain valley 80 miles north of Salt Lake City. Housing costs are at or 
below national averages, andthe community provides supportive 
fo families and balanced personal/professiona life. USU offers co 
salanes and outstanding medical, retirement, and professional benefits (sce 
Iep:/orw.su.edu/br’ for details, 
USL is am Affirmative Action Equal Opportunity Employer: with professional 
spouaal accommodation puckages uvallable for dual-cancer applicants. The 
University was recently chosen asa Notlonal Science Foundation ADVANCE 
Gender Equity Program recipient and is dedicated to recruiting stellar candi 
dates froma diverse pool including women and minorities 


Faculty Scientists - Pediatrics 


8: complex birth defects, lung development, cardiovascular 
‘and neuradevelopmental biology. These research interests will comple: 
already established in the Department of Pediatrics and allow 
{or collaborations. The University of Texas Medical School at Houston is 
situated in the Texas Medical Center, the largest medical center in the 
world composed of 35 medical and research facilities including The 
University of Texas M.D. Anderson Cancer Canter, The University of Texas 
‘School of Public Health, and Harris County Hospital District. Facilities within 
the University include state-of-the-art gonomics, proteomics, histopathology 
‘and mouse cores and vivarium. Positions are available at the assistant, 
associate professor and professor levels commensurate with previous 
‘experience, These positions are highly competitive with regard to salary, 
start-up funds and laboratory space. Applicants should have one of the 
following degrees: PhO, MO or MD/PKO. Successful candidates will be 
‘expected to develop and sustain research programs with extramural funding 
‘and play an integral role in new program initiatives. 


Applicants should sand a statement of research interests, curriculum vitae and 
‘names and addresses of three references to: Dx Jacqueline T. Hecke, PhO, The 
University of Texas Medical School at Houston, Department of Pediatrics 
‘im. 3:316, Houston, TX 7703, Email: Jacqueline.THecht@uthimc.edu 


t Houston i an EQIAA employe 


‘The University of Texas Health Science Cent 


Tue University of Texas 


ny Mepicat Scnoot at Hous: 


The University of North Carolina at Charlotte 
Department of Physics and Optical Science 


EXPERIMENTAL BIOPHYSICS 
TENURE TRACK POSITION 


The Department of Physics and Optical Science at the University 
of North Carolina at Charlotte invites applications for a tenure track 
Assistant Professor position in experimental Biophysics to startin Fall 
2008. Required qualifications include a PRD in Physics or a related 
ficld: a sirong research record; commitment to teaching physics at the 
undergraduate and graduate levels toa diverse student population, UNC 
Qarlote is one of the most rapidly growing universities in the nation, 
with strong research programs in Nanotechnology, Bioinformatics, 
Biomedical Engineering Systems, Optoelectronics and Optical Com- 
ns, and Precision Metrology. The Physics and Optical Science 
nt offers PhD and MS programs in Optics, MS programs in 
‘Medical Physics and Applied Physics, and isin the process of developing. 
PAD program in Applied Physics with an emphasis in Biophysics, 


Applications must be submitted electronically at https 
and must include a CV, contact information of at Feast th 


sunce.cd 


and statement of research and teaching interests and goals. Inguities can 


fried @ unce.edu. Screening will begin on January 1, 
‘until the position is filled. For additional information, please 
website at www.physies.umec.edu 


The University of North Carolina at Charlotte s an EOB/AA 
Employer and an ADVANCE Institution. Minority and women candi- 
dates are encourased to apply. We are particularly interested in col 
leagues with diverse hackgrounds and experiences who can support 
the department’ strong commiiment to developing a deep under. 
standing of and respect for diversity among students and colleagues 


eax ® 
‘THE UNIVERSITY OF HONG KONG. 


Centenary Recruitment Plan 


Founded in 1911, The University of Hong Kong is 
to the highest international standards of 
nce in teaching and research, and has been atthe 


years Of a numberof recent indicators of the Universi 
performance, one is its ranking at 33 among the top 200 
jes in the world by the UK's Times Higher 
Education Supplement. The University has a 
comprehensive range of study programmes and research 
disciplines, with 20,000 undergraduate and postgraduate 
students from 50 countries, and a complement of 1.200 
academic members of staff, many of whom are 
ermationally renowned. 
‘As the University approaches its 100th anniversary, a major 
‘human resource expansion plan has been launched io provide 
200 new acaakemic positions. The purpose of this Centenary 
Recruitment Plan is to enhance our research competitiveness 
anil to facilitate the introduction and delivery of a new four- 
Year undergraduate curriculum fom 2012. 


Building on Hong Kong's international status and its 
mission to serve China, the University offers an 
intellectually-stimulating and culturally-rich academic 
environment, with attractive remuneration packages 


Tenure-Track Professor/Associate Professor! 
Assistant Professor in the Department of Chemistry 
(Ref. RF-2007/2008-280) 


Applications are invited for tenure-track appointment as 
Professor/Associate Professor/Assistant Professor (2 
posts) in the Department of Chemistry. from August I. 
2008 oF as soon as possible thereafter. The posts will 
initially be made on a three-year fixed-term with the 
possibility of renewal upon mutual agreement. 
Appointments with tenure will be considered during the 
‘second three-year contract 

Applicants should possess a Ph.D. degree with a strong 
‘background and publication record in any discipline of 
chemistry, Those with rewarch interests that can contribute 
to the broadly defined areas of Organic Chemistry, 
Chemical Biology, Materials Science and Theoretical/ 
Computational Chemistry are especially encouraged to 
apply. The appointees are expected to develop a vigorous 
and independent research program and excel in both 
Undergraduate and postgraduate teaching. A suitable start- 
Lup fund for research will be provided. Information about 
the Department can be obtained at hitp:/chem.hku.hk 


Annual salaries will be in the following ranges (subject 
to review from time to time at the entire diseretion of 
HKS1.2M 
HKS622.740 - 963,060 
Assistant Professor: HKS174,600- 733.440 


(approximately US: 8) 


At current rates, salaries tax does not exceed 16% 
come. The appo 
¥y and University contribution to a ret 
scheme, totalling up to 15% of basic salary, as 
Teave, and medical/dental benefits. Housing 
benefits will be provided as applicable. 


Further particulars and application forms (272/302 
amended) can be obtained at htps:/Awww.hku hk/apphunit: 

nm the Appointments ‘Una Senior: man Resour 
Section. Registry. The University of Hong Keng. Hong 
Kong (fax (852) 2540 6735 or 2559 2058: e-mail: 
senrappt@hkuce.hiku.hk). Ch 
Candidates who are not contacted within mioaihs of the 
losing date may consider their applications unsuccessful. 


Th Uninet egal pram empee amd 
‘roma Ne Sabing Poey 


MU) |e" eae 


The Faculty of Physics at the Ludwig-Maximilian- 
University Munich (LMU) invites applications for a 


Junior professor position (W1) 
for Experimental Physics — 
Nano-Science 


The position is originally granted for three years. In 
case of a positive evaluation it can be extended for 
further three years. 


The desired research field is spectroscopy of solid 
based nanoscale systems. Possible topics include 
spectroscopy of nano-wires and -tubes, quantum dots 
and wires, hybrid nanosystems, molecular devices 
and combinations thereof, possibly in combination 
with scanning probe studies. The research activi 
ties of the applicant should complement research 
of the nanophysics group at Ludwig-Maximilian: 
University _(www.nano.physik-uni-muenchen.de). 
Access to a range of spectroscopic tools, local 
probe techniques as well as to clean room facili 
ties is available. Experience in nanoscale fabrica 
tion is desirable. The participation in the research 
program of the Nanosystems Initiative Munich 
(www.nanoinitiative-munich.de), a federally funded 
cluster of excellence, as well as related programs is 
encouraged. 


The successful applicant will be expected to have 
demonstrated excellence in research through com: 
pleted PhD studies with outstanding results, to have 
high pedagogical skills, towactively participatesin 
the teaching program.of the Department. of Physics, 
and to contribute to'new research and teaching ini- 
tiatives of the department! 


The advancement of woman in science is an integral 
part of the university's policy. Women; therefore, are 
especially encouraged to apply, 


Persons with disabilities will be\given preference 
over other applicants with comparable qualifications. 


Applications (including CV with photo, list of publica- 
tions, deseription of research actomplishments and 
interests) are to be sent before December 31, 2007 to: 
Dekan der Fakultat fir Physik, Ludwig-Maximilians= 
Universitat, Schellingstra8e 4, 80799 Minchen, 
Germany. 
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visualization, and computational se 
deployed 40 Gbit optical networks to e: 


\Cmore than 50 TeraFlops, the largest 


in place in Louisiana. Faculty 
will be considered. S 


iculty may be hired tog 


scientific computing, 


The LONI Institute, a bold, new, $15 million inter-universi 
announces the creation of 12 new faculty positions distributed 
University, Southem University, Tulane University, the University of Louisiana at Lafayette, and the University of New Orleans 
will hire two new faculty at each university, with searches commencing during the 2007-2008 academic year 


I levels, in any 


will attempt to coordinate hires to look for syne 
her. Areas of particul 
design, nanocomposites, chip design’ fabricatio 
algorithms and software for complex scientific applications, visualization, distributed data management, scheduling services, and 


More information ean be found at the LONI Institute Web site at http: 
Edward Seidel at seidel@ institutesoni.org. 


OPTICAL NETWORK INITIATIVE 


12 New Faculty Positions 


collaborative in computational sciences, materials, and biology, 
ross its six members. Louisiana State University, Louisiana Tech 


The LONI Institute secks faculty who can capitalize on Louisiana’s major investments in high-performance computing, networks, 
-es. The Louisiana Optical Network Initiative, or LONI, isa 
ch member campus (including medical 
connecting it to the national optical network backbone, and nearly 100 TeraFlops of locally owned and operated supercomputers, 
F these, Que 


million investment that has 
mpuses), a National Lambda Rail membership 


Bee, will become part of NSF's TeraGrid in January 2008, 


The LONI Institute is searching for faculty who can develop collaborative research programs that exploit the strengths already 


a of computational sciences, materials science, computational biology and 
hes will be carried out and appointments will be made at the university level, but we 

c applicants. Existing collaborative groups of 
ted to; materials theory and modeling, polymer 


MEMS, mixed scale flows, metagenomics, computational biofluid mechanics, 


ation, please contact 


IN 2008 
CNRS IS RECRUITING 


MORE THAN 400 TENURED RESEARCHERS, 
INALL FIELDS OF SCIENCE 


MATHEMATICS «PHYSICS. 
NUCLEAR AND HIGH-ENERGY 
PHYSICS. 

CHEMISTRY » ENGINEERING 
‘SCIENCE OF COMMUNICATION 
AND INFORMATION TECHNOLOGY 
‘ASTRONOMY AND EARTH SCIENCE 
ENVIRONMENT AND SUSTAINABLE 
DEVELOPMENT 

LIFE SCIENCES « HUMANITIES 
AND SOCIAL SCIENCES. 


CNRS encourages junior and senior 


‘scientists from around the world to 
apply for its tenured researcher positions. 


CNRS provid 
‘environment: 

‘numerous large-scale fadiities 

highly skilled technical support 

‘multiple international and. 

interdisciptinary networks, 

‘access to university research and, 

teaching 

lab-to-lab and intemational mobility 
‘Application forms and further information 
will be available online at www.enrs.fr in 


Rs 


an enriching scientific 


University of California, 
San Francisco 


advancing heath workdwido” 


Dean, School of Dentistry 
University of California, San Francisco 


{he Unieraty of Cldoena. San Francaco, one ofthe woes jremicr brmadicalisitutions, invites applications 
hate 


od nomirations fr the Dean of the UCSF School of Denstry One of out proesonal schools an the Gi 
Divison that compre the UCSF campus the School of Demsty comity aticts high quality students 
hv achieved an intrmtical reputation Ler rescahcdcation and sere 
As the only University of Cabforsia campus devoted exchsvely © graduate sty 
UCSF advatces beats work le y 

+ Educating the nest goncration of heath care profenienal 

*Traraaing leading-edge scholarly and sciontlic rescarh eto knowledge, sherapcs and cures for debating 

dnemes 
+ Providing compastionate pent cae 
+ Serving the local and glotul community through low-cost hea cate clinics, screening and peeveation 
rogram, publ pie recanh and intcrvcnion, taves to inreace acs to allonable Beal ate 

The UCSF School of Denttry sees leader who will enhance and strength miso of he Schoo in teaching 
and mscarh excellence. The succesful candudte will fave a substantial hisory of deckve and innovative 
icalersbiy aed» demonstrated comic to dental elucation, research an cial cae. Ste mst have the 
abut ionenty andadrce the challenges acing dental cation andl provide vision forthe fare progres 
the Stool Responsibilities include Kenufying ports and the allocation of resoures to meet those pons: as 
vedas cultivating and eohancing relationships with academia, germ and indusry 
[Nominees and applicants should hold 8 DOS, DMD, PhD or other equivalent doctoral degree and demonstrate 
scholarly dation approprse foe 2 tenured appointment in the School. Signcant espericce in dental 
‘cation and rocarch peferred. The sear commaiice wil eviow conlaes tmmehaely and continue 
‘st appoienment made 
ankles whose experience, seaching, rescarch or community service has prepared them 10 
to out commitment to decry and excellence UCSF ts an alirmaive actoe/oqual opportity 
The Unversity undertakes allimathe action ocrsure equal employment epportunty for underutilized 
fnontis and wore [or enone wih dais, and br covered veterans 
Nominations, inquiries of applications may be sent in confidence to 3520@imscarch.com (electronic 
sbenssions suongly prefered} ort: Michael Barr, Isaacson, Miler. 1875 Connecticut Avenue, NW. Suite 71, 
Washington. DC 20009 of Stephanie Fide, Isaacson, Miler 334 Boyistom Stet, Suite 500, Boston, MA 02116, 


he heath scence, 
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Science Careers 


FLORIDA STATE, 
UNIVERSITY 


‘Open level faculty position in Integrative NanoScience 
Florida State University secks to hire the fist of six new faculty in Inte 
grative NanoScience. Current focus of Integrative NanoScience at FSU 

nanotechnology that blends “hard” (metals and semiconductors) and 
“Soft (organic and biological) materials the science, engineering and art 
of tailoring and harnessing biomolecular function in nano-fabeicated se 
tings, Research is on fundamental nanoscale phenomena and processes 
that will be required for successful integration of hard and soft materials, 
and for putting such hybrid materials to practical use. New faculty wil 
Complement and extend a highly interactive group of intedisciplinary 
scientists from materials science, molecular and cell biology, chemical 
and biomedical enginceting, chemistry and biochemistry, and physics 
Five additional tenure-track postions at all ranks willbe filled over the 
next few years, Emphasis in hiring willbe on faculty exploring: tailored 
design of biointerfaces: biocompatible nanofabrication: bio-recognition 
solid-state devices; or molecular transport in micro- and nano-scale de- 
vies. See http:/wwwinsifsu.edu for further detail. This announcement 
is partof the Pathways of Excellence Program, an initiative of accelerated 
growth in focused areas of research aimed at propelling FSU into the top 
rank of public universities, 
Applicants should furnish a curriculum vite, statements of research and 
teaching interests, representative publications, and the names and contact 
information for three references. Applications and inquires should be ad- 
dressed to: 


‘Tallahassee, FL32306-435 


El: nso murtech fu. Becton applications eacouraged 
sons willbe apuary Zn, 2008, 
Equal Opportanty Airman Abin employe 


UNIVERSITY OF ILLINOIS 
(COLLEGE OF MEDICINE AT PEORIA 


Associate Professors (Tenured) 
University of Illinois College of Medicine at Peoria 


The Department of Cancer Biology and Pharmacology at the University 
of Ilinois College of Medicine at Peoria secks qualified candidates for 
positions of Associate Professor (tenured). Candidates should have a 
PhD. andlor M.D. degree, a strong publication record, and be act 
‘engaged in an established, extramurally funded laboratory program in 
the arca of molecular genetis,cellular’cancer biology or some aspect of 
pharmacology. Successful applicants should also have teaching/mentoring 
experience in directing students, postdoctoral fellows, residents and/or 
junior faculty in research. Department provides highly competitive 
Salary, benefits and lucrative start-up package. Additionally, 2 20,000 
‘square foot dedicated research building with state-of-the-art laborato- 
ries is targeted for completion in 2010, Departmental faculty currently 
hhave active awards (NIH, DOD, foundations) totaling over $12 million 
(iroct oss) and spanning research imerests in cancer biology, genetics, 
‘neurotoxi imer’s and age-related diseases, alcohol abuse, 
spinal cord injury and drug development. Many additional collaborative 
‘opportunities in basic and clinical research are available within the Col- 
lege and the University 


Applicants should send curriculum mes and addresses 
of three references to: Jasti S. Rao, ‘earch Committee, 
Department of Cancer Biology and Pharmacology, University of Ill- 
rnols College of Medicine at Peoria, P.O, Box 1649, Peoria, 1.61686, 
For fullest consideration, please respond by January 7, 2008, 


The University of Ilinos isan Affirmative Aetion’ 
Equal Opportunity Employer 


SCHOOL OF MEDICINE USC 


TENURE-TRACK FACULTY POSITIONS 
Department of Molecular Microbiology and Immunology 
University of Southern California 
Kock School of Medicine 
Los Angeles, California 
‘The Department of Molecular Microbiology and Immunology at the 
University of Southem California, Keck School of Medicine is expannd- 
ing, with a planned recruitment of more than six tenure-track faculty 

ibers over the next three years to build upon existing strengths in 
microbiology and immunology. 


‘The Department invites applicants for Assistant andor Associate Profes- 
s0F positions in the broad fields of microbiology and immunology. We 
are especially interested in candidates who address pathogenesis-related 
research topics. Creative scientists with a record of achievement and 
‘commitment to excellence in both research and teaching are encouraged 
toapply. Successful candidates will receive a generous start-up package 
our new state-of the-art research buildings. 
eck School of Medicine has strong research programs in Cancer, 

ies, Immunology, and Virology. 


nts should submit a letter of application, curriculum vitae, a 
siatement of current and future research plans, copies of three repre 
sentative publications, and three letters of recommendation by email 1: 
calimlim(@use.edu in PDF format or by mailto: 
Dr. Jae Jung, Chair 
Department of Molecular Microbiology and Immunology 
University of Southern California, Keck School of Medicine 
2011 Zonal Avenue, HMR-401 
Los Angeles, CA 90033 
USC is an Affirmative Aetion/Equal Opportunity Employer 


Endowed Chair in Nephrology and Hypertension 


Dartmouth Medical School and Dartmouth-Hitchcock Medi 

invite applications for the position of Constantine and Joyce 
Endowed Chair and Research Director of Nephrology. A physician-sci- 
tenteare, graduate medical education and rescarch will 
‘hold a joint appointment in the Department of Medicine, a basic science 
department and, if appropriai, the VA Medical Center, This individual 
‘will be responsible for directing. promoting. and developing research 
programs in Nephrology in collaborat innovative and nationally 
‘ocognized programs in basi, transat jal research, Substan 
NIH funded Training Program, are available 

at ofthe Nephrology Research Program, 


Dartmouth Hitchcock Medical Center is a 369-bed tertiary care hospital 
in New Hampshire, with 500 medical and graduate students, and, along, 
with its affiliate VA Medical Center, is a major teaching hospital for 
Dartmouth Medical School 


‘The successful candidate will be board certified in intemal Medicine and 
Nephrology. have an outstanding record of scholarly achievement and 
‘sustained extramural research funding, possess excellent interpersonal and 
‘mentoring skills and possess o and administrative abi 
Applicants must qualify for a senior academic appointment as Associ 
Professor or Professor of Medicine at Dartmouth Medical School, The 
‘committee will begin reviewing applications on February 18, 2008, A 
‘curriculum vitae, description of current and future research plans, and 
‘names of three references should be submitted electronically 0: 
Bruce A. Stanton, Ph.D. 
Chair, Nephrology Search Committee 
Professor of Physiology 
Dartmouth Medical School 
Hanover, NH 03755 
basa Dartmouth.edu 


Dartmouth is an Equal Opportunity/Affrmative Action Employer 
‘and strongly encourages applications from women and minority 
candidates 


BCM 


Baylor College of Medicine 


FACULTY POSITIONS 
HUMAN GENOME SEQUENCING CENTER 


‘The Hunan Genome Sequencing Center (HGSC) at Baylor College of 
Medicine is seeking to recruit wo Junior Faculty members with an interest 
in Genomics, Bioinformatics, Genetics and/or Cancer. The faculty postions 
available are independent, tenure track appointments but are expected to 
‘complement the ongoing direction of HGSC programs 


‘The HGSC was founded in 1996 under the leadership of Dr. Richard Gibbs 
and is world leader in genomics. The fundamental interests ofthe HGSC 
sre in advancing biology and genetics by improved genome technologies. 
‘As one of the three large-scale sequencing centers funded by the National 
Institutes of Health, the HGSC provides a unique opportunity to work on 
the cutting ede of genomic science ina state of the at institution, 
Qualified candidates should submit curriculum vitae and three letters of 
reference via mail, e-mail or fax to: 
"M Human Genome Sequencing Center 
‘Attn: Roxanne Reyna 
‘One Baylor Plaza ~ BCM 226 
Houston, Texas 77030 
Email: rheltran (a bem.tme.eda 
Fax: 713-798-8741 


Curriculum vitae and reference letters should be received by December 
31, 2007, 


Our positions are processed through the Baylor College of Medicine 
Human Resources Department. You will also need to apply fort 

tion by visiting the BCM employment website (position #160802): https: 
‘iwww.medschooljobs.org 


Baylor College of Medicine is an Equal Opportuniey, Afrmative Action, 
‘and Equal Access Emplaver 


MU)" 


Systems Biology: Neurobiology 
University of Toronto 


@csB 


‘The new Department of Celand Systems Biology athe University of Toronto 
‘invites aplcations for a tenure track faculty positon to be appoint athe 
“Asistant Professor level i the fel of Systems Biology = Neurobiology to 
tein July 1, 2008 
We panicularly encourage candidates to apply who have demonstrated 
excellence in addressing fundamenal questions in neurobiology wing high- 
threughput approaches or gene protein nctwork analyses with oinformate 
‘semomie, proteomic, letophysiologia or aging bls. Oot vii x 
analyses in Neurobiology whuch complement existing 
strengths inthe parent (wwwsbattorontacs). Candidscs should have 
lcat wo years of rescarchexperens beyond ther doctoral degre. nad 
tion fo pursing a vigorou inemationally recognized reach program, the 
succesful candle il contribute undergraduate and graduate teaching 
inthe molecular life sciences. She or he would also be expected to network 
‘with researchers actoss campus lo take advantage of he ctensve resources 
in Systems Biology atthe Unversity of Toronto and saad instiions 
2 generous startin package willbe provided. Salary commensurate with 
‘uifcation and experience 
Applicants should arrange to have at least three letters of recommendation 
Sent directly tothe address blow. In alton, applicants shuld forward 
thos cumiculum vil, copies of sgniant publications. and statement of | 
resctch and teaching intrest the Chai, Stems Biology Search Com- 
mites, Department of Cell and S 
25 Harbord Street, Toronto, Ontario MSS 3G, Canada by January 
200K Inguiris should he dirccted to Lex Buck al buckz00.vtrontn 
The University of Toronto oes the opporinty to tach, cont recarch 
and lve i one of the mot diverse citer nthe worl ands responsive wo the 
reads of al earcer couples 
The University of Torn ix strongly commited to divers itn 
coneiniy el xpectaly welcomes cpplications fom vibe mary 
reap members. women Aboriginal persons, persons with dsablten. 
member of seal minority groups and thers who my contrib the 
further vernicaion of ideas A quale candids are encouraged 0 
appl however: Canadians and permanen eden willbe given priori 


To strengthen and widen the scope of the nanoscien: 

ces at the Ludwig-Maximilians-Universitat Min: 

chen, the Faculty of Physics and the LMU/nnovativ 
focus area “Functional Nanosystems” invite appli 

cations for a 


Full Professorship (W 3) for 
Theoretical Physics 


in the area of Theoretical Nanophysics. 


Possible fields of research include all questions rele 
vant for understanding, designing and manipulating 
functional nanosystems. Preferred focus areas are 
electronic, magnetic, photonic, mechanical or biomi 
metical nanosystems, 


Participation in the interdisciplinary activities of the 
cluster of excellence “Nanosystems Initiative Munich” 
(NIM), the “Center for NanoScience” (CeNS), the 
"Arnold Sommerfeld Center for Theoretical Physics” 
(ASC), as well as in local collaborative research pro: 
grams is possible. For additional information on ongo: 
ing activities see www.cens.de. 


Candidates are expected to conduct an independent 
Fesearch program that complements existing research 
efforts and to participate in the teaching program 


Prerequisites for employment are a university grade, 
pedagogical suitability, Ph. D. or doctoral degree and 
additional scientific qualification which can be pro: 
ved by a habilitation or equivalent.achievements. 


In general the age of 52'Should/not be exceeded at the 
time of appointment, though exceptions are possible. 


The advancement of Women in science is-an integral 
part of the university's policy. Women, therefore, are 
especially encouraged to/apply. 


Persons with disabilities will be givén preference over 
other applicants with comparable qualifications 


Applications including a curriculum vitae, aéademic 
records, a list of publications and invited lectures, 
as well as a two-page summary of planned research 
activities should reach the Dekanat der Fakultat 
far Physik. der, Ludwig-Maximilians-Universitat 
Miinchen, Schellingstr. 4, 80799 Minchen, Germany, 
not later than December 31, 2007. 
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POSITIONS OPEN 


‘CHIEF of GENETICS 
University of Arkansas for Medical Sciences 
College of Medicine 

The College of Medicine (COM) of the Univer- 
sity of Arkansas for Medical Sciences (UAMS) invites 
Applications and neminations for the pestion of Chict 
‘ofa new free-standing Division of Genetics with the 
‘expectation that this Division will grow to attain de 
ppartmental status in the COM within five years. Re 
Sponsibilitcs of the Chief are educational, including 
overight of the genetics coun for second-year med 
ical students, as Well as further development of am: 
bulatory and consulting programs in adult clinical 
{genetics and personalized medicine in addition to 
evolution of interdissiplinary rescarch programs in 
# Carndaes must posse 2 dociora degree in med- 
isine or human genctis with relevant Board cert 
‘ation and qualifications mcrting appointment at 
the rank of PROFESSOR, The ide: 
demonstrate excellence in’ teaching; 
faculty recruitment and development; and in bul 
ing.a collaborative research program. The position is 
seal in sping 2008 

The COM is one of six colleges at UAMS and is 
the only medical school in the state. With ncarly 
1,000 faculty members, the COM provides educa 
tion and training for over 600 medical students and 

COM faculty based at UAMS and it 

‘Arkansas Children's Hospital have $80 mil 
tion in NIH funding: tn fiscal year 2007, UAMS had 
nicarly 16,000 adult discharges and over 400,000 
clinic visits, The UAMS campus is currently expand 
ing with anew 500,000 square-foot hospital, 2 new 

1 building, a twelve-floor expansion of the 
p P. Rockeieller Cancer Institue, and a new 


ntr:/ Www sams 
"Applications with curriculum Siac, nominations 
and request for ifomation should be direct to 
Aubrey J. Hough, M.D. 
Dining Feoessr of Pat 
‘Asvocate Bean for Translational Research and 
‘Special Programs 
College of Medicine 
University of Arkansis for Medial Sciences 
‘$301 W. Markham Street, Slot 817 
Lite Rock, AR 72205 
"Telephone: 501-686-5369 
VANS is an Egat Opole, promoting 
wep diy 


In conjunction with the Center for Marine Sei 
cence at the Universiy of North Carolina, Wilmington 
(UNEW), the Laboratory of Dr. James E. Gibson 
at the Brody School of Medicine at East Caeolina 
University is offering an exceptional RESEARCH 
FELLOWSHIP in marine pharmacology /iosiology/ 
biotechnology. Candidates must have a Ph.D. in 4 
marine of a pharmacology /tiotcchnology-related ar 

dnd are expected to consluct research in Dr. Gibson’ 
laboratories while pursuing a professional M.BA. 
slegyee in the Cameron School of Business at UNCW. 
The goal of this 24-month program is to produce 
individuals with a sod science background 3s well 38, 
the business skills needed to prosper in a modem 
competitive business environment. Students in the 
MARA. portion of the Progeam will mater the core 
functions of business, develop analytical and quanti 
tative business kil, and study erent and future 
business issues through real world experiences with 
regional companies involved in marine Kotechnology 
Excellent verbal and writen skills are required. The 
research portion of the Program generally invohes 
‘working in marine pharmaceuticals and nutraceuticals 
from cultured organisms, bioengineered natural 
products, novel enzymes, and biosynthetic path: 
Ways, Candidates should clea identify their inter: 
cess in their cover letter. Candidates with interests 
in other biotechnology related area will be consid 
‘ered knsed on the strength of their applications. You 


fan ve website: psy /werwrsca shen 
Peyereeny = a 
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ASSISTANT PROFESSOR, 
Department of Cell Biology and Anatomy 
‘The Department of Cell Biology and Anatomy 0 
the Chicago Medial School, Rosalind Franklin 
University of Medine and Scicace, invites applica 
tions for a teaure-track Awistant Professor postion. 
We seek candxates to join an angomg expansion of 
Department and Medial School research faculty 
‘Areas of rescarch in. the Department inchide the 
neurobiology of eaming and memory, synaptic pls 
ticity in the auditory system, the molecular ell bio 
‘ogy of muscle development, cclular traficking, and 
cxtraccluar matris, RNA biology and the role of 
Spliang defects in human discat, and the cxllular 
dynamics of gene expression. Institutional strengths 
Inchide neuroscience, structural bwology, and mem 
‘brane transport physiology. The sbccessful applicant 
is expected to establnh a strong, extramuraly funded 
rescarch program, and to contribute to medical ant 
‘graduate teaching, Available core resources include 
Confocal, fne-ell and cletron microscopy faites, 
and structural biology and proteomics centers. In 
formation on the Department may be found at website: 
Ihttp:/ /www.rosalindfranklin-edu /ems/anatomy’ 

Appbcations contaring, cumculum vitae, statement 
‘of rescarch plans, and the names of dhe references 
‘Showkt he etmaled to e-mail: vilmaryfriederichs® 
roralindfranklin.edu. Review of ppl 
‘begin immediately and w 
site is Billed 


RESEARCH ASSOCIATE and POSTDOC. 
‘TORAL POSITIONS for molecule 
studies of nuclear receptors ana tranaati 
for adipocytes and ncuron 
We fous on regulatory mechanisms in stem cell 
proliferation, dips aierentation, and neuronal 
Protein expres, waged by nuRrent, ence, 
inl neuronal achat. We tmestigate factor regulsting 
vematin remexking, RNA transport, an! tan 
nn. Various mickesubr, cll, ard pretcome 3 
proaches are used. For our recent publications, see 
Nature Sructural and Molecular Bislany 1408-75, 
2007; Nacure Chemical Rilo 3:161-8, 2007; Pro 
Nail’ Acad. Si, 104: 13810, 2007: EMBO J. 26: 
1522-31, 2007; ant Mal Cal 19: 683-53, 2005, A 
PhD. in binlogkal sccnacs oc brphyscs requ 
Ingerested applicants should send cuericuhin vitae 
vis ema «a De. LieNa Wei, Deparment of Phar 
‘University of Minnesota Medical School 
St ema wein00@umn.cdu. Fee gexcach detals 
See website hup:/ /www ogy med. umn. 
clu unwell Te Unialy of Abo (so 
{put Opporoary Eat impr 


NATIONAL UNIVERSITY of SINGAPORE, 
Department of Chemical and Biomolecular 
Engineering 

‘The Department of Chemical and Biomolecu 
Jar Engincering at National University of Singapore 
invites applications for TENURE-TRACK FAC- 
ULTY POSITIONS 3 all kvels. The Department 
is one of the largest internationally with excellent 
inhouse infrastructure for experimental and com 
[putational research. A Ph.D. in chemical engincering 
‘or related areas and a strong research record with 
‘excellent publications are required, Pease refer 10 
‘website: http://www.chbe.nus.edu.sg/ for more 
Peas eee 
plication details. Applicants should send fill curnic- 
tum vite (inchiding key publications), a detailed 
research plan, a statement of teaching interest and 3 
lise of names of at last three references to: Professor 


[Raj Rajagopalan, Head of Department (attention: 


Your 

career 
is our 
cause. 


Get help 
from the 
experts. 


www. 
sciencecareers.org: 


Job Postings 
Job Alerts 


Resume/CV 
Database 


Career Advice 


Career Forum 


Graduate 
Programs 


Meetings and 
Announcements 


Science Career: 


(Ms. Nancy Chia, e-mail: nancychia@nus.cdu.sg). 


werw.sciencecareers.or 


Dean 
College of Natural 
University of California, Berkeley 


TheUniversity of California, Berkeley invites 


san of the College of Natural Resources. 

The appointee is expected to join the Faculty 
beginning July 1, 2008, or thereafter. Appli- 
cations should include a curriculum vitae, 
bibliography a brief description of research 
‘and other interests, and management accom 
plishments and objectives, Applications oF 
nominations must be received by December 
1, 2007, 


Please send these materials, along with the 
names and addresses of three references, to: 
Chair, College of Natural Resources 
Dean Search Committee 
Office of the Vice Provost Academic 
Affairs 
University of California, Berkeley 
200 California Hall 
Berkeley, CA 94720-1500 


Electronic submissions are encouraged and 
should be sent. 
cenr_dean_searchva berkeley.edu 


For more information, please visit 
‘nttp:/'vpaafw.chanee.berkeley.edw/ 
deansearches.html 


The University of California is an Affirmative 
Action Equal Opportunity Employer. 


FACULTY POSITIONS IN PROTEOMICS 


Boston Biomedical T Boon Biomedical Reseach Insite socks ut- 
Research Institute “2 mvestizatos in protsomies research 10 join 


‘an exciting new initiative in Integrative Protein Biol- 
‘ogy. This research program builds on BBRI's existing 
strength in protein biochemistry and molecular biophys= 
ies, incorporating proteomics and systems biology approaches to address challenging biomedical 
‘research problems in increasingly comprehensive and innovative ways. Talented scientists who employ 

comics approaches, including but not limited to quantitative mass sod techniques, 
1o investigate important problems in biology that have relevance toby encouraged 10 
apply. Candidates must havea Ph.D.,.M.D.,M.D/Ph.D.. or equivalent degrees and several years of 
postdoctoral rescarch experience. Faculty positions are available at ranks equivalent to Assistant, 
Associate, or Full Professor, commensurate with independent research experience, 


BRI is a dynamic independent research institute located within minutes of all of the Boston area's 
major universities and medical centers. In addition to the Integrative Protein Biology program, BRI 
‘has recently launched and expanded three discase-focused research programs in Cancer Biology, 
Cardiovascular Biology, and Regenerative Biology. These new rescarch programs provide unique 
‘opportunities for resources and collaboration for faculty in the Integrative Protein Biology program 
BBRI is composed of a diverse and highly collaborative group of structural 

ists, molecular biologists, cell biologists, and mathematical biologists, who utili 

technologies and innovative approaches to funher our understanding of moles 

relevant to biomedicine. 


Applicants should send their curriculum vitae and a statement of research interests by mail or elee- 
twonically to the following address. Applic ld also have three letters of reference forwarded 
to the same address to complete thet applicat 


1PB Faculty Search Committee 
‘Attn: Mrs. Marilyn Sullivan 
Boston Biomedical Research Institute 
64 Grove § 
Watertown, MA 02472 
Email: msullivan(a bbri.org 
Electronic applications are preferred Deadline for receipt of applications is January 4, 2008, 


Boston Biomedical Research Institue isan Equal Opportunity Emplover 


THE HONG KONG UNIVERSITY 
OF SCIENCE AND TECHNOLOGY 
DEPARTMENT OF BIOCHEMISTRY 
Faculty Position 
The Department of Biochemistry conducts 
cutting-edge research in the areas of cellular 
regulation and signaling, biotechnology and 
‘medicinal biochemistry, and macromolecular 
structure and function (www.ust.hk/bieh/) 
Applications for tenure-track faculty postion at 
‘Assistant Associate Professor level are now 
‘avited, Applicants should have a PhD degree, 
relevant postdoctoral experience and a proven, 
recond of research excellence. 
The Department is imerested in appointments 
to strengthen existing research programs, 
Preferences willbe given to scientist in the areas 
of(1) molecular and celular biology with research 
focus in neuroscience using animal models, and 
(2) structural biology using X-ray erystallography, 
Scientists prominent in other areas will also be 
considered. The appointee is expected 10 teach 
both undergraduate and graduate courses. 
ing salary will be highly competitive and 
commensurate with qualifications and experience. 
Fringe benefits including medical dental benefits, 
housing. etc. will be provided where applicable 
The grauity together with the University's total 
contributions made to the Mandstory Provident 
Fund Scheme will amount to 15% of the earned 
agareyate basic salary. 
Applications should be sent with CV and names 
and addresses of three referees to: Seeretary of | 
the Search Committee, Dept of Biochemistry, 
The Hong Kong University of Science and 
Technology, Clear Water Bay, Kowl 
Hong Kong (Email: beamyiaust.hk) before 16 
December 2007 oF until the position is filed. 


University of California, San Francisco 
Tenure Track Faculty Position in Chemical Biology 


The Department of Pharmaceutical Chemistry socks to hire an Assistant Professor interested is 
problems atthe interface of Chemistry and Biology. Of particular imerest ae those interested in the 
use of synthetic chemistry to solve problems driven by biology or medicine. The expected appoint= 
‘ment is atthe level of Assistant Professor (tenure-track), Senior level appointments in exceptio 
cases will be considered. 


Applicants should havea Ph.D.. M.D. or advanced degree with research experience and are expected 
to establish a dynamic rescarch program. Applicants are also expected to actively participa 
graduate training in the Chemistry and Chemical Biology Program or other Programs in Quantita- 
tive Biology and in professional school teaching. Applicants will be eligible for membership 
Program in Biological Sciences (PIBS) and other graduate training programs, 


UCSF seeks candidates whose experience, teaching. research, or commu 
them to contribute to our commitment to diversity and excellence. 


service has prepared 


Please send a curriculum vitae, three letters of reference, a summary of current research (up t 
pages), and a concise outline of future research (up to 3 pages) tothe address listed below. Appl 
tions will be considered beginning January 


Barbara 
(Chemical Biology Search Committee 
Department of Pharmaceutical Chemistry 
University of California San Francisco 
600 16" Street, MC 2280 
‘Genentech Hall, Room S18 
San Francisco, CA 94143-2517 


UCSF is nt Affirmative Action/Equal Opportunity Emplover: The University undertakes 
affirmative action to assure equal employment opportunity for underutilized minorities and 
women, for persons with disabilities, and for covered veterans. 
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POSITIONS OPEN 


FUNCTIONAL ORGANISMAL BIOLOGY of 
FISHES, REPTILES, or AMPHIBIANS, 
University of Michigan 

The Department of Esology and Evolutionary Bi 
‘logy slits ppctions fr 3 tenure-track ASSIST 
ANT PROFESSOR, univeriy-yirappentiest, 
fictional organismal Welogy of ccm sete 
brates We sock outing muda when racic 
lnmohesianveatve approaches to suching cco 
fos and fonction ian voktionay and/or ecoog 
jaa ‘context, inching such fc ae evolionary 
Dhyology,physiologtalccology, cvoktionary oF 
Kinctionalmompholog. and/or biomechanas. ‘The 
‘cco cantare wl Ive compte acess to the 
Sarvgnding alesis othe Unncrty of Mch 

an Museum of Zoology and, as appropriate and 
{Ecard could have an aiation with the Musca 
Teaching respite my inde sors phy 
‘ology oF anitoy and areas of spedaized research 
lineres For further information, sce. websit 
ow ecb sascha ind. www me. 
leatumiched To apse cuculum ie, ate 
mente of current an fare rescarch plane and of 


wes to hive Ure reentry ma 
{w: Chair, Functional Biology Search Committee, 
Department of Ecology and Evolutionary Biol- 
fy, University of Michigan, 20195 Kraus 830 

nivenity, Ann Arbor, ML 48109-1048. Review of 
applications will begin on January 5, 2007, and 
continue until the position is filled. in an me 
monies are emounaed 0 apply. The Universi ie mpytoe of 
the nc of ducer coupes. The Unaventy of chan 6 
an Equal Oppominity, Affirmative Action Employer 


Cente for Disease Control at Prevention is 
seckingcandatr under the Senior Romedic Re 
Sanh Senge for the postion of CHIEE, Labor. 
Mory Branch, Dison of HIV/AIDS. Prevention 
{DMAP}, National Comer for HIV/AIDS, Vir Hp 
Su Schl Tranamite Dass, an Tuber 
ions reve (NCHHSTP]. Ths pon 
Manager an 

Or 8S lorstry and adminstatie sal ree 
Iaborcory flies fn FIV research (or DAP tn 
Ching itewenton sacs, aprowic dovdope 
‘nd incidence svelance, drug restancesurvelance, 
inrmational spor, and non: HIV renova se. 
lane Oxher eaponsaic ince Bae ant ep 
miologe invexigatns ito known and ew Iman 
retrnrises using molecular Biolog, Inmundlogs 
Ind virologic methosologis av they pertain 
pubic health, Pease refer so the webaie ps// 
Jobsearch.ussjobs.opm.gow/getiob.asp2FobtD- 
800H2038AVSDM-300-4501 1209 00% 
SA00%3A07&Lopo-O8eq” Chic, Laboratory = 
ranchili-3924cFedEmp-Yeesortrevw- ae 
bd 3876835 O8 FedPub YRSUBMETI. © 77 
SUBMIT 17. 


MICROBIOLOGIST 
“The Department of Biology: at the University of 
West Gcongia invites applications for a tenure-track 
position atthe rank of ASSISTANT PROFESSOR 
‘vith a searing date of August 2008. A doctoral de 
fee and recent of researc producti are required 
Pontdoxtoral tsining. and teaching experience ace 
prclerred. Teaching responabitic may include i 
treductory belo, upper evel cousin rsrobs 
‘og, and advanced cous inthe eandate's expertise 
‘ch as immunology and virology. Please submit 3 
cover Ketter, current curriculum sts, teahing phi- 
losophy and research interests /plans, copies of 3 
dem transcripts ard thrce tery of revemmeraation 
De. 8. Swamy Mruthint, Professor and Chair 
‘of Search Committe, Department of Biology, Us 
Verity of West Georgia, Carrollton, GA 3011 
Review of completed applications will begin. o 
January 7, 2008, andl coneine unt dh poston se 
CAG a Eg Opty Afi ae Emp 
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FE % 
@ HEALTH&SCIENCE 

UNIVERSITY S235 

POSTDOCTORAL POSITIONS 


‘Two ponitions are now available to characterize the 
function of Hox protcins in development. Qualified 
applicants should Mave capertie in ene oF more of the 
following arcax: whole emlyyo culture, protan- DNA 
{nweracoon, transcriptional regulabon of cukarotic gene 
‘expression, in stu hybridization, gRTICR, immunchis- 
tochemistry, in vitro gene cxprewion assays, site di- 
rected mutigeness, or chromatin immunoyecaptation, 
Cumeulum vita, samples of fist author pubic 
tions, and the names of ce references should be 
‘mailed tcc H. Scott Stadler, Ph.D, Shriners Hospi 
tal for Children, Mail Code SHC-Research, 3101 


"OHSU and the Sines 
Hoyptals for Children ave Exual Oppornnty, Employes, 
Doge Fre, and Smole Fae Enmore 


FACULTY POSITION in BIOPHYSICS 
Department of Physis and the Center for Cell and 
‘Genome Science 
University of Ua 

The Department of Physics and the Center for 
Galland Genome Science invite applications for a 
enure-tack faculty postion in. tmophysis at the 
ASSISTANT PROFESSOR evel, More senior ap 
pilicants seeking a higher-vel appeantment are ako 
‘elcome to apply. We seck creative and independent 
PHYSICISTS who are working in any area of cell 
biology or genome wience. We are particulary inter 

who. are painuing quantitative, 
fmcchanitic approaches to fundamental problems if 
biology, incioding the appiication wt nonclmocthods 
from the physical sciences. Successful appicants sil 
[be capeted to establish a vigorous, independent re- 
search program and contrite to teaching, New 
Faculty will have access to graduate students from 
Programs in biology, mokeular blogs, biological 
hemty, neuracicrec, ard phys and will be pro- 
‘Sided with outsandng infrstctural support. Pease 
coal cumculum svtae, representative publications, 
Sha dhec letters of refrcnee to: Andres V. Maricg) 
‘Ghai, ¢/o Melisa Brown (e-mail: melissabrowne 
bionsicnce utah.atu), Center for Call and Genome 
Science Search Committee, Department of Biol- 
ay, University of Urah, 357 South 1400 East, 

I Lake City, UT 84112-0840. Candidates must 
ho a PRD, degree or equivalent, preferably in ph 
fex oF biophysics. Review of applications ell som: 
mence December 1, 2007, and will continue ntl 
the position is fled” The Ue of Cade a pal 
Oppo /ABimstire Aion Enplyr, and rage = 
[Hesse fom wnat and mina and pode mane 
‘Samad Ste ws die of yan and om 
Phe The Univenty of Uk wc andes wh hee 
[pour wing ng wd yd fom rene Raa 
Sou pv vom cmon tiring aco 1h 
‘ston fr hotly endngooc 


POSTDOCTORAL FELLOW - JOHNS HOPKINS 
UNIVERSITY SCHOOL of MEDICINE 

Within the Department of Radiology and Inst 
tute for Cell Engincenng. Candidate has strong 
Ibackground in expenmental neuroscience and stem 

i bvology fr postin funded by the Marland Sere 
Stem Call Fund. Will we human embryonic stem 
calls for treatment of multiple sclerosis in mouse 
aperimental allergic encephatomyeliis models, with 
MR and bioluminescent imaging to tack ells non 
iovashdy. Expertise with neurtmurgery, histology, and 
stem call cultures must Althouglt desirable, imaging 
faperience not required. Contact: Dr, Jeff W-M. 
Bale, Director of Cellular Imaging, Johns Hopkins 
University School of Medicine, emaik jombulc® 
mij. 


POSITIONS OPEN 
[ASSISTANT/ASSOCIATE PROFESSOR 
The Department of Poly of the Bray School 

of Medicine at East Cana Unienty (ECU) & 

sccking apcans fr thee tenure-trk culty por 

Siions dhe to retinement and expansion, The Be 

partment cuncray has 11 lie Bealey meer. 

Bescriptcos of the Deparment and the roarc i 

cst ofthe acl arc alable at webates Beg /7 
= do: Appliarcs west have e Pa 

SRB or equate Carce and appropiate pou 

doer wang Whe Grividea ohn pene 

fn testi i snap 
wil be prea to candids conducting intcacpinay 

Tescrr inthe loving areas canons pln 

ty, neuracience, meebo, and circ yao 

ogy, The succenfl canddacs wil have 2 strong 
publication cond and will enpocted ta develop tt 

Ecsrmmaraly fancied research program and wo suppo 

Sul mentor graduate nudentt inthe Physiology and 

Sethe Rrocoerpts Tras (webu 

‘cuda/inp) Socal apps wil 

Scie of trpen ees Pacis evar 
carat ose mah hy ond 

ate mien. A cormpettive sat 

Eichading guaranteed salary sappor, is stile I 

tgrend sppleans should rae 

Slow doktpocn of the sescarspoas toahs 

of treerefsens tough 

Tosoures aie, webate! 

pots 
at Bil he spe 
ile ob apcntag in #75901: Address any quexns 

i ober M. Lat Phd. Profesor and Char 

Department of Physiology, email: lutr@ecn 

i, office tdephones 252 544.2702. Asati 

St faly 2008, ramicpaed, and review ofapicans 

wal continoe unt he postions are filed EU on 

gud Oppo fine Ati 

te ll th dls pl 

fey woe fe tre ad mdr dorcel 

Ssesy pent Freer desawnase 9 loety al 

papell a psd tr ef een 


The Caley of Arts and Sciences, Lanola University 
‘Chicago, invites applations for CHALRPERSON 
of the DEPARTMENT of BIOLOGY, cficctve 
Rugust 15, 2008, The Department hat rescarch 
Serengths i molecuaedevelopmental/cvelutionary 
Inology, ncurobvology and aquatic: ecology, serves 
neatly 4400 undergradte majors, and ollers Mt 
dnd MLA, degree. highly active research ficuly 
Supported by an extensive infrastructure, inch 
state-of the-art laboratories and other researc ii 
Sc Fre fran abot te Deer, 
Sint our website: hetp.// www huc-edu . 
‘Applicants with expertic tn neurobiology arc 
pretrcandes ding rch the the an 
fatal abo areal encouraged to apply. Candates 
shld quay for tenures 2 FULL PROFESSOR 
dnd have a strong. externally funded rescarch pro 
gram, posess demonstrable leadership abilities, 
Dutstanding interpersonal shill, and vision for en 
hhancing the Department’ research and educational 
proarans Candis shoul ah oie at website: 
p:/ /www.careershuc.ed with current cures 
tlm ste, summary of research suppor, ames and 
Saddrescs of thece recommenders, and a statement 
aout rear, senice, teaching, and admiisrat 
‘Review of applications will begin Devember 1, 
2007, and continue una the posi i filled. Wate 
inguies about the position can be sent to the 
Biology Chairperson Search Committee, Depart- 
ment of Biology, Loyola. University: Chicago, 
(6525 N. Sheridan Road, Chicago, TL 60626. 
‘Loyola University Chicago, the country's brgest 
Feit Catholic ‘uiverty asin school ad 
colleges on three campuses. For further information 
Sbout the University, consult webs 
sewwaluceda. Layla Liniersty Chie ts at Bal 
Gpporanty Afimatve Acton Lnployer with a some 
sonmiment 2. doing ts nly." Applitons fom 
sromen and minority comida oe epilly cage. 


wwrw.sciencecareers.org 


Science Careers 
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POSITIONS OPEN 


FACULTY POSITIONS 
Biochemistry/Molecular Biology, Ecology, 
‘and Health Sciences 
The Department of Biological Sciences at Mich 
igan Technological University insites applications For 
90 oF m ‘ound of an at 
ticipated scrict of hires highlighting the integrative 
Fuantre of biology. One position will ein boshemiary/ 
‘molecular biology; the other position(s) will be in 
‘ecology or health scicnces complementing current 
departmental strengths and goals. Appointments are 
at the ASSISTANT PROFESSOR level; however, 
‘exceptionally quahfied applicants may be appointed 
at the ASSOCIATE PROFESSOR level. For all 
< hires, we are particularly interested in indviuas 
earch at the interfices 


kare ne 
iii eee cee ae cp 
Selsey i ln 
seater eae perce 
ical Sciences, Michigan Technological University, 
pe ee 


FACULTY POSITION in METABOLOMICS or 
‘STRUCTURAL BIOLOGY 


The Department of Biochemistry and Molecular 
Biology at the Penn State University. College of 
‘Medicine invites applications for a fulltime, tenure 
track position, We scek candidates at any level who are 

art, nuclear magnetic resonance 


Information, plcase visit this website: hetpe// 
renee /biocheminey/. Inert 
applicants should. submit curkulumm vitae and 
irk watement of rescarch plans, and arange to 
have three letters of reference sent to: Judith 8, 
Bond, Ph.D., Professor and Chair, Departnent 
‘of Biochemistry and Molecular Biology HA7IN, 
2.0, Box 850, Penn State University College of 
Nicdicine, Hershey, PA L098. Posn se 
toni  Affrtie Acton, Eal Opponiy, wal 
the deat oft wij 


University of Wisconsin, Oshkosh seeks tenure 
track ASSISTANT PROFESSOR in, BIOLOGY 
{sith specialty in animal cell physiology, bewinning 
Sceir f, 2008 PAD. egal pot 
an teaching’ experience desirable” Responubitics: 
‘hare in teaching courses in molecular and cll 
Of), anual and human physiology, Insodsctory 
clogy; develop a msearch program in col phy 
ay; pursuc extramural funding: supervise MS. 
fttest advac rnajor, Send ener of appticaton, brit 
Sthncmcnts of teaching. philosophy ond escarch 
interes curriculum vita, reprints, three, cure 
laters of recommendation, and transcripts (offic 
photocepy) to Chair, Deparment of Biology and 
Microbiology, University of Wisconsin Oshkosh, 
‘Oshkosh, W'54901. Desde: Janay 3, 2008 
Teast one iter of recontmerdaton should came fram 
the cindiiae's coment instauton. For adlona 
feat, the depart wc ge webs 
haxpe/ [ww woth / de 
Teplgmor all eqaea 
Afinsie Aaon/Espal Opry Engle 


1192 


16 NOVEMBER 2007 VOL318 SCIENCE 


DEPARTMENT of MEDICINE 
Division of Cardiovascular Disease 

The Division of Cardiovascular Disease at the Uni 
versity of Abbama at Birmingham is secking appli 
ants at the ASSISTANT PROFESSOR level, in 
fither a tenure or nontenuire track, to join rapidly 
expanding program in cantiorasculae biology 
scirch, The successful candidate will be expected to 
develop an independent and funded rescarch pro 
fgram, Please send curriculim vita, letters fom thece 
Feferences, and a brict statoment of your research i 
‘terest tb: Robert C. Bourge, M.D., Director, Division 
of Candiovascular Disease, University of Alabama 
at Birmingham, 311 Tinsley Harrison Tower, UAB 
‘Station, Birmingham, AL 35294, 48 u an Afr 
ati Aan gud Opprnonty Empl 


FACULTY POSITION in INFECTIOUS DISEASES 
Fred Hutchinson Cancer Research Center and the 
‘University of Washington 

The Fred Hutchinson Cancer Rescarch Center 
(FHCRC) and the University of Washington (UW) 
are jointly recruiting a fulltime faculty position at 
the ASSISTANT of ASSOCIATE MEMBER/ 
PROFESSOR level for 3 faculty 4 
Program in Infectious Diseases 
Rewarch Division of the FHCRC and the Divi 
of egy sa nfo Dla the UW, wi 

nce being given to those who study fungal 
Stews A Doctorate degree & required, The ind 
‘idual will be expected to develop independent re 
scarch programs. University of Washington faculty 

ngage in Teaching, racach, and sence. Escllent 
collaborations are available with scientists in clinical, 
oleculae medicine, and basic sciences a the FHCRC 
aan the UW. Salary depends on experience and excel 
lant benefits. Inerestad candalates may submit cu 
‘cum vita, a concise statement of their research plan, 
and thrce reference Kets tor 
Lawrence Corey, M.D. 
Head, Program in Infectious Diseases 
Fred Hutchinson Cancer Research Center 
11100 Fairview Avenue N., LE-500 
P.O, Box 19024 
Seattle, WA 98109 

Application review will continue until the position 
is fille. 

The Uinienity of Washington ad the Fred Hutchinson 
Caner Recah Coney aw Afiaive Aon, pal Oppor 
tunity Employer, dened the goof balding edraly 
dive sd palit fully snd lf commtid 4 ssc 
‘and working tn mudblneal vient, and stony em 
“ouage splat fom omen, manos, andra th 


DIRECTOR of SEA GRANT PROGRAM 
Director, New York Sea Grant Institute. The State 
University of New York (SUNY) and Comell Uni 
verity invite nominations and applications for Daec: 
tor of the New York Sea Grant Institute (NYSGD, 
NYSGI's mission is to develop and deliver science 
that address Saves of New York's marine and Great 
Lakes coasts. Vist our website: tp: //www-seagrant. 
sanysbedu, to learn more about our Programs. 
Based at Stony Brook University, the Director pro- 
vides leadership to ensure that the research, educa 
‘on, and outreach programs of NYSGI continue 
bbe among the nation's best. For fall job descrip 
‘on and to apply online vist website: aw 


stonybrook alu jobs. 
sens CAB sccyed until the postion i 


filled: SUNY ts an Afirmstine Action Epal Opportosity 
Exmploe 


FACULTY POSITIONS - TRANSLATIONAL 
OBESITY /METABOLIC 
SYNDROME/DIABETES RESEARCH 
University of Missouri, Columbia 
Departments of Nutritional Ssences/Medical 
Pharmacology and Physiology 

The Department of Nuon Senses an the 
Deparment of Medal Pharmacology and Phys 
gy, Unies Of Miu, Columbia ive app 
Citons for two toned of seme powtoes 
{one expec a the ASSISTANT PROFESSOR 
Ice anone open rank rank commensurate wth 
‘Spestnce) Fon aviator whe ferent ost 
on obesity and its complications. The newly expanded 
Deparment of Nonronal Senucs now span hee 
‘elles within the Univer an as son fo 

scplinary approach cote obesity 


tion to poy. The University is noted for inti 
ary research programs, We are sccking cutsanding 
clinician scientists or nonclinician scientist with tran 


Iational resarch programs, Posiion.qualications 
include an MD/PhD, MLD. ora PhD. with post 
doctor expeicnce and’a tanatonalrescarch foes. 
Scccaad pplcanes wil hive or dercop an oust 
tag rca rogram and inte vo School 
aching acthidics, Invokement in campus 
wide research iniatnes relate to obey, cio 
cm, cll signaling, 
dnd nutrition desirable. Lacated rnidway Beewees 
St, Louis and Kamas Ciry, Columbia ba vibrant 
tmiverty town that conshtently ranked among 
the top smal Ghics to lve In Americ, lease acne 
Curvictlum vtec, a narrative of revcarch and educa 
Alona Inerens, and the names and contact informe 
tion of thres references te 
hair, Nutrition Medical Pharmacology and 
care tee 
tment of Nutritional Scenoes 
School of Medisine/HES/CAFNR 
217 Gwynn Hall 
University of Misourl-Columbia 
Columbia, MO 68211 
matron preferred) to: 
e-mail: umchesnsjobs@ missouricedu 
Active review of aplication wil begin January 15, 
2007, and the search will continue tnt the pos! 
tions’ are, filed, Vit the ‘Unhenity of Minoud 
Columbia's website http://www.mniswuried 
The Unteaty of Also: Cobani sa gual Onprt 
ty Employer, ‘Afiomate Arion Linge ad ce 
tn defunct fo the Acton wh Dubie 
Mat of 1990. Pls dd ADA stommodiion meget 10 
Scio ttephone: $73-886-7278 (VITTY). 


‘TWO TENURE-TRACK ASSISTANT 
PROFESSORS 

The Department of Ecology and Evolutionary 
ology, Tulane Univenity, inet applications for vo 
temurctrack postions to be filed at the Awstant 
Pron one ale hangs ay, we 
and ecology, or tropical biology, ad one it 
puttonal Diobgy preferably knvolving. thenretic 
Ecology, ecology sod evehution modeling, or land 
scape’ coslony, See website: hepe/ /werw-talane, 
‘cdt/~ebo /ncws/ new Sa tor ake ae 
it/aboat tec poators and tne Deparanent Send 
2 leter of application indkating the postion, cu 
Full vitals statements of research and teaching 
interes, selected publications, and names and a 
ddrescs of tree references to: Faculty Searches, De- 
ppartment of Ecology and. Evolutionary Bidlogy, 
00 Lindy Boggs Center, Tulane University, New 
Orleans, LA 70118-5698, Review of appears 
wl begin som afer January’ 1, 2008, and de searches 
‘eal cman opea unl the pottons ae Bled, These 
positions are subject oo asl Univesiny deter 
Taro on funding. ‘Talne Unicoly & an Afimitor 
Ache pu Employed Onpotenty Eagle 


wwrw.sciencecareers.or 


Assistant, Associate, or 
Professor Level 
Department of Pediatrics 
and the Waisman Center 


® 


WISCONSIN 
The Department of Pediatrics (http://www,pediatries.wise.cdu/) and the 
tthe University of 
Wisconsin ae reerui ‘or MD PhD faculty mem 
inthe tenure track with a focus on neurodevelopmental genetics, pa 
larly at the molecular level. Qualified candidates could be at any r 
With demonstrated research excellence, ongoing support or potential for 
‘external funding. Ideal candidates will participate in the UW's effort to 

bench and clinical science in keeping with the UW's recent CTSA, 

cr for Translational Seience Award). Candidates should anticipate 

bout 25% time in clinical service and teaching responsibilities 

residency and fellowship taining), with the balance of time 

spent in research. Laboratory space will be locate in newly remodeled 
facilities at the Waisman Center 


To ensure full consideration, submit application materials by 
February 15, 2008, Applications will be accepted until the position is 
filled. Subwnit applications electronically. Send a cover letter referring 
1w position vacancy listing #87128, curriculum vitae, a description of 
your research program, 3 representative publications and 3 references 
lo: Seareh ¢ clo Ms. Vicky Meyers, Waisman Center, 
ersity of Wisconsin-Madis 
WI, $3705, E n.wise.cdu, Tel 


608-263-5940 


Unless confidentiality ix requested in writing, information regarding 
the applicants must be released ypon request. Finalists cannot bx 
guaranteed confidentiality. The University of Wisconsin is am Equal 
Opportnity/Affirmative Action Employer. Women and members of 


‘minority groups are encouraged to app 


ASSISTANT/ASSOCIATE PROFESSOR 


The Department of Pharmacology and Can- 
cer Biology at the Duke University School of 
Medicine is seeking a tenure track Assistant/Associ 
ate Professor 


We seek a colleague taking quantitative and in 
novative appro 
ar, cell, systems or chemical biology. The 


ches to fundamental questions in 


molecu 
incumbent will add to the breadth of current re: 
search areas in the department. Learn more at 
http://pharmacology.mc.duke.edu 


Applicants should send a cover letter, curriculum vitae 
nd a statement of research accomplishments and fu- 
ingle PDF to: PCBsearch@me.duke. 
jonally, please arrange for three letters of 


on to be sent as a PDF to the same email 


ture plans as a 
edu. Add 


recomme 


address. 


I) DUKE UNIVERSITY 
MEDICAL CENTER 


ise Unvraty Medical Conteris an Equal Opportunity 
Afra Action Employer: 


in science 
is more than 
just science. 


www.scien cecareers.org 


Science Careers 


From the journal Science RAYAAAS 


Y GILEAD 


Since the founding of our company in 1987, Gead has focused on developing 
and delivering medications that advance the treatment of Me-threatening 
diseases. In 20 years, Gilead has become a wel established and recognized 
biopharmaceutical company with a rapidly expanding product portiobo 
rowing pipeline of investiasional drugs, more than 2700 employees and 
successful ineerravoral operations. 


Senior Research Scientist |, Biology 
Foster City, CA 


‘The selected candidate will join multi-iciplinary retearch teams focused 
onthe discovery of new therapeutics for hepatitis C virus (HCV) and hursan 
immunodefciency virus (HIV). Helshe will be responsible for biological 
characteritations of drug candidates by developing state-olthesart 
based assays and wil pln and direct in vio pharmacology studies 


‘This position requires 2 PhD. in biomedical sciences with x minimum of S 
years of relevant postdoctoral experience Extensive knowledge and hand 


‘on research expertise in immunology and familarty with in wrod in vivo 
models are required. 


For complete job description reference req #29 and apply online at 
hhttp:/igilead. apply 2jobs.com 
ADVANCING THERAPEUTICS. IMPROVING LIVES. 
THAT'S WHY WE'RE HERE. 


areers.org 
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POSITIONS OPEN 


Calina Sate Univenity, Prana, Department of 
Biology searching fora ture tack ASSISTANT 
PROFESOR in SYSTEMS/COMPUTATIONAL 
BIOLOGY to begin August 2008. The siccewfil 
cance is expected to devlop 2 recur progesm 
in current area of stems bogs inching gua 
tative manipulation of generic proteomic sn 
mmetaboleanie datas fom comps phsologsal 
networks to investigate basic queuons at any fee 
of bickgicl organiation fiom mokeuae to Gene 
iesel to whole urganim. Additionally the accel 
“ndidate wl be expected to teach an upper-divison 
mmalos/serice couse on rorational bao, and an 
tndengradnate and a pradate course in thi reas 
‘of expense (eg bionformatks) An earned Doc 
torate(PRD,) in biology or related eld required 
Sg pce wl nent cnn wih 
Ilan oy ae x web: ae 


Zechman, Committee Chair, Department of Bie 
ology, California State University, Fresno, 2555, 
E. San Ramon Avenue, M/S SB73, Fresno, CA 
40-8034, ort emma vechman @cvufreno cd, 
telephone: 859-278-4095, fax: 589-278-3903 
i consideration, al materials mast be recive 
vary 8, 2008, For more information, vst 
website: hixp/ /www.csuresno.cd/bology- 
a Ste ie om Eg Oppo 
Tipo 


IMMUNOLOGISTS 
University of Georgia 
“The Department of tnfstious Diseases in the Cal 
lege of Veterinary Mealcine invites apphcations for 
two tenace‘track PROFESSOR ports inthe areas 
Cf immunology oF hos etlar response to infectious 
Uscases, Appteants must have a PhD, D.VML, MLD, 
loreal ava gr, 4 mininan f e 
Years of postdoctoral experience, and a strong recont 
Df research productivity. The soccesfal candidates 
wil be expected to establish nationally recognised 
{nd competitive externally funded research programs 
and contbute to teaching in the undengraduate, 
graduate, or professional cursculs. Potential app 
fi nf al twee p/w 
‘igucedu /d/immunologysearch.hem. Please 9 
n'a aatamen of rscarch pine and waching pi 
Texophy,curcuhim site, andthe names art eoenact 
Information for at east tice reerences to: Eawaino- 
Search Committee, Department of Infectious 
University of Georgia, Athens, GA 30602, 
Applications received before January 15, 2008, arc 
{sured ill consieration, The Unity of Grog 
tn Ti Opponinty/ Affton epee, 


RESTORATION ECOLOGIST 
‘Archbold Biological Station 
Archbok! Biological Station (website: hetp:// 
www.archbold-station.org), Florida, seeks AS- 
SISTANT/ASSOCIATE RESEARCH BIOLO- 
GIST with rescarch interests in restoration ecology 
Successful candidate to develop indepenslent research 
‘program focused on 3 648-acre Archbold Reserve with 
wetland, grassland, scrub, and hydrological restora 
tion potential, We are particularly interested in re 
sponses of organisms, populations, and communities 
{0 restoration. Permanent funding covers salary, full 
benefits, laboratory, and fickt filiges. Appointee 
‘expected to obtain’ additional outside funding for 
program growth PRD. and strong. escarch recond 
Fequired. Full description at website: ht 
bs, rae 


‘search accomplishments relate to this position, and 
up to five relevant reprints, along with full contact 
information for four references to e-mail: hswain@ 
archbold-station.org by January 4, 2008. ABS i a 
Tegal Oppotnty Employer. 
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UAF 


FAIRBANKS 

The School of Fisheries and Ocean Sciences 
(SFOS) at the University of Alaska Fairbanks (UAF) 
invites applications for two MARINE BIOLOGIST 
vacancies specializing in carly life ecology and 
‘mammalogy/population genctics. Both. positions 
are ASSISTANT/ASSOCIATE PROFESSOR, 
tenure-track faculty positions within the SFOS 
Institute of Marine Science located in Fairbanks, 
‘Alaska. To Jeam more about the School please visit 
‘websites hutp:/ /www.sforsua.edu, Compicte po 
‘Stig information a 


Porno 


TIO) EN 


ASSISTANT or ASSOCIATE PROFESSOR 
‘Kansas State University 
Plant Molecular Biology 
“The Division of Biology at Kansas State University 
tes applications for a tenure-track Assistant OF 
Aswociate Professor position beginning in the 2008/ 
2009 academic year. We scck an individual who will 
‘establish an outstanding, extramurally funded re: 
scarch program within the general area of plant 
molecular biology. Minimum requirements for an 
appointment at the Assistant Professor rank include a 
PhD. degree and postdoctoral experience. Minimum 
requirements for an appointment at the Associa 
Professor rank include a Ph.D. degree and post 
doctoral experience, plus an independes 
recognized research progyam, with current cates 
mural funding, and demonstrated excellence in 
teaching. The position includes a competitive salary 


ASSISTANT PROFESSOR MICROBIOLOGIEST 
Department of Biology 
University of Virginia, Charlotteville, Virginia 
The Department of Biology atthe University of 
Virginia has an opening for tenure-track Assistant 
Professor bepinning August 25, 2008. Applications 
ac imine from out raha nuying far 
‘imental aspects of microbiology atthe molecular, 
‘clue crginmal, or tems Kxel Our Department 
(cb: hep:/ ww irgnia.edu/bilogy/) spine 
S"Neoad range of tmtcrest inching cel nd eve 
‘opmental brologs, morphogenesis, neurology, 
ological timing sit exohunonary blog: The a 
‘cl cada scxpected to etablish 2 vigorous, 
‘tlcpenen, an extemally funded research program, 
tet with one oe more cain paca 
Strengths, an contte to undergraduate ard grad 
tan rocioc and nung in robiigy: Ape 
‘tous stop pactape and exclen reach facies 
are avalabic Please apply through the Univesity 
Virgina caine applicton tem at website: ba// 
nia.dts/applicants/CentraliquickFind~ 
Bei Pica antl or cocoa vines ame 
ment of current an fare rscarch interes, and 
statement of tacing eaprionce and gas” Please 
ive tree eter of recortmenason al acbertted 
{To email: biowarch@ vrginiaedu, Inquiries about 
the ponition may be emated to e-mail: iosearch@ 
Virginia. Revicw cf applications by the con 
mittee wil begin December 1, 2007. The positon 
‘Nil remain open unt Bl. Homey and meme ef 
tlomproneed pm ie cnnuned we apy, The Unter 
fy of Vegi © a Ea Opproniy Alpine Aion 
ape 


NEWS EDITOR/WRITER, ASSOCIATION 
for COMPUTING MACHINERY (ACM) 
MAGAZINES. Leading technology magazine pub 
lisher fe cching a fulltime News faitor/Weitcr for 
its flagship publication the Communications of the 
ACM: Responsibilities include authoring high qu 

iy, gl monthly we ari fr the lb 
Computer scence and information technology conn 

munky, conducting inferices with researchers and 
practitiners cn topice of broad interest ro the com- 
unity, iting and managing a network of feclnce 
Technology weiter, and tmataging the ews scion 
Of the magazine's website, which will clude fre 

{quent updating of content, news feds, and other 
thin parry now content appropriate fe dtibution 
‘online A minimum of Bve years of experience 3 4 
News Esitor/ Writer for 3 technical publication it 
feguted. Family with the comping ad 

formation technology industry i highly dcurable 

Competitive compensation and bent package of- 
fered commensurate with eapericce. Only resumes 
‘tah cover loner and sly eajuironenrs wil be cone 
Siero, Pe send emacs to oma hedge 
acmors. 


ed, and should. submit 
(cither electronically or by 'mail) comprehensive 
‘cursiculum vitac, statement of research and teaching 
interests, representative publications, and have three 
lexters of reference sent to: De, Ruth Welti, Chair, 
Plant Molecular Biology Search Committee, 
Division of Biology, 116 Ackert Hall, Kansas 
State University, Manhattan, KS 66506-4901, 
E-mail: kbiology@ksu.edu. Review of applications 
will begin December 3, 2007, and continue until the 

ition is filled, KSU ir an Equal Opportnity/ 

ine Aton Employer 


The Department of Bicloy at California Stare Uni 
sera, Peano nies apts fora teeta 
JSSISTANT PROFESUOK psion Stim 
esl byt begin Alig 2008. App 

ants must fave 4 PD. an pontdotorl ecsh 
xperence, Candidates whone esearch target eX. 
perimental approaches ca cvoltionary developmen: 
Sa Blog, ding ur no id eget 
procescy, developmental constrains, and genetic 
fexultion of entogenyy ar encouraged to app. The 
socccfil candle wil be expected to estas ah 
Sv, extemal andl rant program that 

Stinks mentoring undergraduate and Master's x 

lens The succensl pict wil eontnbute tothe 
teaching mision of the Deparment ithe arcs of 
Aicvlopmental Boogy, evolution, and ti area of 
speculation. To apps, complete te for at website, 
itps/ /www.csultenno.edt/apa/vacancy/Se1 pat 
and inal hardcopcs of s cover ter sang jour 
inter in the poston, curiauum vise, rescue 
statement including fiture goa, teaching. plo 

‘pts, aid have three Teter of fferene sent to 
De ican Touma, Commitee Char, Depart 

int of Hog, Calin Sse Cnty Prey 
3555 E. Sun lamon Avenic, M/S S873, Fresno, 
€A'93740. Questions about the postion may be 
‘read to De. Bean Taukimura a emul: brane 
Sufremoeds ‘or telephone §89-278-4244, Ke 

Siew of applications wil begin Janoary 17,2008, and 
ont unl the positon is filed. Kor mor I 

formation, sist ot wetter hg//www nutes 
cn blology. Calin Sie Uren, ome fan 
gad Ont Engler 


Yale University School of Medicine is sccking. a 
SCIENTIST to conduct research related to the effects 
‘of human aging on innate immunity. Applicants must 
have eapertise an immunohistochemistry, fluorescent 
and confocal microscopy, flow cytometiy, geno 
microarray’ anatsis, ard! molecular immunology. Si- 
‘pends: $50,613 with medical and disability insurance, 
Minimum requirements: Doctoral degece with four 
years oF espenence, 

Send application to: Albert Shaw, Yale University 
Medical School, 300 Cedar Street, TAC $169C, 
(CT 06520-8023, e-mail: albertshaw@yaleedu. 
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POSITIONS OPEN 


2007-2008 ELECTRICAL ENGINEERING 
SEARCH 

‘The Elcetrical Engineering Department at the 
University of Washington (UW) secks outstanding 
individual for tonure-tack postions primarily atthe 
ASSISTANT PROFESSOR level. Particular aec3s 
‘of interest nude, but are not limited to: (1) design, 
‘odling, and control of structures, devices, ands 
tems for molecular, quantum, and nano systems; (2) 
advanced component and system-level dengn of et 
‘Worked radios and sensors fr future ubiquitous global 
networks, associated architectural and protocol stack 
Ingato is, (8) theory an metho of ia 

rocessing and learning, for applications such 35, bat 
Serine cr Spec Engng one 
ing, roborics, oF vison. 

The ieal candidate will be conversant in the 
languages of multiple Wisciplines, grounded in the 
fundamental undcsying soences, and deven by sx 
tem applications especally in the emerging acas of 
Iifesctences and environmental monitoring, He/she 
will complement our existing strengths, bridge be 
tween various departmental groups and research ae 
tivities, build a world leading research program, and 
fprovkle innovation and quahty teaching, at both the 
Undergraduate and graduate veh, Applicants muse 
Se STAD or ecweems dope Wf the dar of 
appointment é 

"UW has the highest level of feral 
public univensitics, and the second hig 
Universities in the nation, The Electneal Engineering 
Department. currently has. 37 tenure-track faculty 
(30 men/rcven women). External researc Funalng 
bf the Department in 2006-2007 was ovce S13 mi 
toa (See website: hxtp:// www .ceswashington ed). 
The Department i commmite to earseanding research, 
teaching an service 

Tease submit your resume, lst of publications, 
statement of research and teaching interests and goals 
and the ames ad arom ofa ast Be fer 
‘ces. on our webnite: hrep:/ /www.ce-washingson. 
salu taccarch/. Appiadere il be sept uel 

twuary 1, 2008, oF until the positions are filed 
For any administrative issues reared to the scare 
pase contact Ann Langford-Fuchs (emai: annf® 
‘ewashington cl). 


The University of Washington is bud 
‘and sronelyenatnaesoppti 
snd minrty candies. The Uveaty of Washington 


relent of 62006 Alfed Slo Aun for Faclty Career 
Mesibilty and 4 2001 National Science Fow 
ADVANCE Insinaionl Tamfinnaion Aud 0 suave the 
“adaware of women fay in stew, oven ad mth 
(ice website. upe//www.engr washington edt /adeanee). 
The Univerity san El Opportunity, Aime Acnon 
Limpdoer an respons ts dhe ede of di 


The Department ofthe Geophys Sciences at the 
Unieraty of Chicago secks applications for ne or 
ore tene-track uty poston. We have scent 
‘made new appointments in a number of Bele, 
including atmopherie chemistry, biogeochemistry, 
oxinodtemistry and meteoric, and pelcobilogy 
‘Weare mere in promising casi in all areas 
fof Earth scence who stady fundamental pros 
foverning the sate and evolution of the Earth and 
Planets Appusnticnts wl encrily be at the kvl of 
ASSISTANT PROFESSOR, fr we will sonar 
Candidates rad have completed the PhD. price 
to appointment, Please send curriculum isc 
Sucment of retarch and teaching interests, and 
mac information fo hrc or me rere 
Phyl Scien 'The Universsy of Chicago, 
ical Sciences, ‘The Univers 
E734 South El Avenue, Chcagoy 1. 6003? 
USA. Conidcraion of appikatons will begin 
orember. 1, 2007. The Untenty of Chas 
Afenate Aon Eyal Oporuny Enploer 


RESEARCH ASSISTANT with experience in 
‘molecular cloning. Send resume to: Q. Kong, Case 
Western Reserve University, Department of Pa 
thology, 2088 Adelbert: Road, Cleveland, OH 
44106, Must reference js code FFSO07. 
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ASSISTANT PROFESSOR, MEDICAL and 
VETERINARY EXTENSION ENTOMOLOGY. 
‘Twche-mom, ture tack. The Department of En 
tomology, Kane State Univety, ecks applicants 

the pon of Aut Prono Met ak 
sternum Extension Entomology (70 perent ck 
tenwon, 30 percent sarc) to develop 5 nationally 
‘ecopnsed estenuon program dealing wih athe 
pss that fcr human, tewock, nd other animale 
Ee Kaus and surrounding regions. Incumbent 
‘apsctel to cash an exramadly idol rocarch 
prog in medical and veterinary cntomaogy fi 
ised on tanagement of artropod pest: rant 1 
SHlntck amoctted. with extension and outreach 
responsibiies Ph.D. degree ia medial and/or 
‘tenia entomology or orber rcvane discipline 
Shi evidence of eflestive communsaton silt are 
‘gure. Posoctoral caperencem dearate.A de 
‘aka pesion announcement avalabe at webaite: 
bhp://www.cntomology-ksu.edu. Applications 
fit acd 4 statement OF extension att rescarch 
tickground, iceete and pony, dee cur 
eal vty up to fe rcrane pblcatons, ra 
ripe, and thee letter of recommendation, Mail 
Spins to: De. C- Michael Seth, Chair, Search 
Commitee, Deparment of Entomology, Kansas 
State’ University, Manhattan, ‘KS 60806-4008 
(ole: 785-532-4700, fan: 785-532-6232, cna 
Sumith@ksu.edu). Electronic appbcaions wil mt 
te acqped. Revi of pyar bogs aay 1 
2008, and wil continue Wot suitable candidate 1s 
‘enti. Kins Sur Unety a ga Oty 
Aponte Aton Lingle: Woven nd ime oe po 
ety enna 


ASSISTANT PROFESSOR, ARTHROPOD 
VECTOR BIOLOGY. Twche-month ture wack 
The Department of Entomology, Kans State Unk 
seraty seks applicants forthe position of ASSIST: 
ANT PROFESSOR of VECTOR BIOLOGY 90 

ca resarch, 10 percent teaching). Rescarc ain 
{Bin extramural Runde escarch om arthropent that 

mic human and animal parautes/pathogens 
referred areas of rescarch inch, but are ot lim 
ited 10, bioinformatics, genom, and epidemiology 
Teaching: taining of salen, teaching an urea 
uae coune in molkal crtomology fxd 2 grate 
func it aca bers PhD. im entomdlogy of 
relate fckl with taining in vector ology requred 
Teantoctord eapetionae prcered. Compl descr 
tom avaabie at website! hntp://wcentomolopy. 
ksu.edu/Desktop Default.aspx?tabid= 38, Scrcen- 
ing of applicants will begin January 4, 2008, and con- 
tinue unl a suitable cna i found, lease send 
‘rr vic, statement of earch ans teaching 
fonerens, tive rdevant reprints, and three Attn 
recemmndation to: De. Sent Kambhampati, Chair, 
Vestor Search Committee, Department of 
Entomology, Kansas State Univenity, Manhattan, 
KS 66800 Hlectrnk appations wil nee be 2 
cepted, KSU an Afi Aton Eg Oppetny 
aply 


UCLA SCHOOL of PUBLIC HEALTH: DI- 
RECTOR, Center to Combat Emerging Infec- 
tious Diseases. Tenure-track faculty member to 
serve as the Director for the new Center to Combat 
Emerging Inféctious Diseases (CCEID). Secking. 
tackground in: epxemiology, virology, microbiol 
‘ogy, informatics, oF a related Bick, whose work is 
relevant to combating emerging infectious diseases. 
Candidates must have a doctoral or equivalent de 
lerce, international prominence in the Bek! of infec 
‘ows diseases, and demonstrated leadership abilitics. 

‘complete job description is available at website: 
hetp://www.ph.uela.edu/about_hr 
Plea send curriculum vitae and letter of interest to 
Ms. Susan Fisher, Coordinator, Faculty Searches, 
Office of the Dean, UCLA School of Public Health, 
P.O. Box 951772, Los Angeles, CA 90095-1772. 
‘The Search Committce will begin considering 3p 
plications November 15, 2007, and will continue 
‘until the position is filled. “Afimunie Aton /Equd Oppo 
fatty Eapeye: Appts fn ce a 
minty canbe ae eel wen. 


POSITIONS OPEN 


FACULTY FOSITION in BIOMOLECULAR 
Guo BIOPHYSICAL CHESHSTR 

‘he Deparment of Chenin and Rochenisy 
a Aeneas Uni (50) ve pcos 
ies temme xk potion tte no ASSISTANT 
PROFESSOR if BIOPHYSICAL anor BIO. 
MOLECCTAR CHEMISTRY. Dus nine sue 
Ens psn cay hded roach pops 
Sintinaeerateed eoagitans eater 
oe Gace aera te peste eal 
Clepudose Incl ol pth os entenes 
wma and ree Speers Be sy 
Sire Cat pd Richey webs he 
Seniccasselel) A sooo nae os 
RS a tere, 
piel elt. Reiocosl cperGoce fee 
FrcSrane ail be gen to nla 
peer 
Seu dd/or opie 
See ange sciriees Cathie! ea 
Figen The towt eogel gece Reaanct 
search Center at ASU (website: http://amr.asu. 
Saa/ poi ser Sere NOUR Ray 
ing a new 800 megahertz spectrometer. Further 
heeninn sooo pation or 
the Cha of te Seach Comair: eer 
(email: pelt yergertesaedn), Applicants shout 
terumc ain 

deat arene hav oe Lee of 
ee 

Prof, Jeffery L Yarger, Chair 
‘Nuclear Magnetic Resonance and Biophysical 
Chi Seach Commie 
Department of Chem and Bochemisry 
‘scons Sute Unrest 
0. hon a71004 
Tempe, AZ R524? 1604 

i kad wat ena aeccoarob 

fice otto bein Beer 1, 2007, 
itn leds cy ero ls tases vl sone 

De hagennanb esd ocr At 
Tul pony ran faa a 
ee oe er tee 


ENDOWED CHAIR in the BIOCHEMICAL 
SCIENCES 
Department of Chemistry 
University of Missour- Rolla 
ished entntsare encouraged apply 
for the RICHARD K. VITEK/FOUNDATION 
fir CHEMICAL RESEARCH (°C) ENDOWED 
CHAIR in BIOCHEMISTRY, inciting the 638 
fof boorgan,bolnorganc, bophysal or Bion 
terials chemisry a the Univeraty of Miaour-Rol 
(UM). The mew ponition casca avery ene 
ndowment, which can be used 10. support t 
research of the Chai. "The Richard K. Vitek/FCR 
Endowed Char in Biochemistry wll provide ipo 
tant kadership for UM's targeted growth ithe 
Bonsencee. Thi isan eacting time to jl the 
Chemtry Deparment at UMIC A new Biosciences 
Tuidling has been estabshed by the state of Miso 
ic ncxt capital mprenerient project for higher 
Tanwary 2008, UM sil 
our University of Since and 
Technology (MS sod T) 

The succesful eandulate should have Doctorate 
in hatchet, oad Hel ae an 
reson, an havea subwtaalrecord of extras 
funding. This serch ha ben extend and review of 
applications will resime on December 15,2007, and 
“Gntinwe unl the postion & led. For further 
information, we encourage you to side Our webalte, 
heep://chemameedu or contact Prof. Jay A. 
Switeer a e-mail: jwiteer@ume.cd 

ase subi curriculum vise and shorts 
ries of past research acomplithments and fi 
‘scarch dirccuone to: Human Resource Services, 
Reference Number: 00033199, University of 
Missouri Rolla, 1870 Miner Cite, Rolla, MO 
65409-1050. 

UM an Afirmtioe Acton gud Opertunity 
Lepr. Women, mints, nd pone wth aks 
sr cee 


wwrw.sciencecareers.or 
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POSITIONS OPEN 


ASSOCIATE DIRECTOR, FRIDAY HARBOR 
LABORATORIES 
‘The University of Washington 

The University of Washington sccks applications 
fora tenure-track ficulty positon at the ASSOCIATE, 
PROFESSOR rank, with concurrent appointment 38 
Resident Associate Director of the University’s Priday 
Harbor Laboratories (FHL). FHL, locited on San 
Juan Island 90 miles north of Seatde, provides re 
search and teaching facilities, and housing for over 
250 full-time and temporary residents (sce website: 
inttp://depts.washington.edu/Mhl/). Research at 
FHI. includes most areas of maine scence, basic 
biological sciences focused on marine and aquatic 
‘organisms, and ecology of the terrestrial biota of the 
region. Foe this position, area of research can be in 
any marine science discipline (c.g. biology, fisheries, 
raphy, cnginccring); the fculty appointment 
‘can be in any appropriate department at the Univer 
sity of Washington's Seattle campus. A record of 
outstanding achievement, a commitment to under 

‘graduate and graduate teaching, public ou 
administrative experience, and a promisin 


npeirtant eorderations 
Associate Professor rank is 


ed, In exceptional creumstances, appoint 
ihe alvanctl ASSISTANT PROFESSOR 
tlre. Appokntment at the FULL 

PROFESSOR rank may sho be considered for 
‘outstanding candidates who have: demonstrated. a 
“onium to mentoring underrepresented ster 
inthe sence. Applicants shoul have the M.D. de 
give by the date GF appomntment 

Arpiicatons, inching a coer er, curriculum vi 
tac, watement of adit, rear and teaching 
intercity aa nares cf at fas the referenass souk 
te provid, Please apply online at website: hetpe// 
fhiswashington.edu/jobsearch (oe 
contact: Kenneth P. Sebens, e-mail 
Washingron.edu). Prionty will be give 


to appli 
fore December 15, 2007, 


shington faculty cogage a re 


aching, anil service. The Umber of Hi 
arly diese fas and sey nue sp 
fom women, isle, indivi with abt, 


The Univesity sa Afirmative Acton 
ity imple 


STANT PROFESSOR, tenure track. The 
ait of Zoology at Oklshoa State University 
(website: htap:/ /zoology.okstate eu) invites appl 
tations for tye’ postions: (1) EVOLUTIONARY 
BIOLOGIST spesalizing in evienmental genomics, 
‘quantitative genieties, evolutionary development, sex 
determining systems, oF soevelution; (2) DISEASE 
ECOLOGIST specializing in infectious disease dy 
hams, transmission, and/or reastanc from theorctical 
and experimental perspectives; and (3) INTEGRA- 
TIVE BIOLOGIST specialising in ecosystem ecology 

jent eyeing, structure and function, 
‘ocomplesty) oF behavioral biology (emphasis 
neural mechanisms, physiological ecology, or conse 
vation), Candidates are expected to have a Ph.D. and 
pportdoctoral research expentence; resporsibitics ill 
Include establishing vigorous, extramurally funded 
esearch programs, sweessfilly mentoring MS, and 
Ph.D. students, and effectively teaching atthe under 
‘graduate and gradiate keel. Canidates should submit 
{preferably by e-mail) a etter of application indicat 
ing the postion to which they are applying, curricula 
sitte, satemcnts of research and teaching interests, 
three letter of recommendation (sent dirccdy by the 
candidates’ references), and up to three publications 
to: Dr, Matt Lovern (e-mail: martlovern@okstate. 
edu), Chair, Faculty Search Committee, Depart 
‘ment of Zoology, Oklahoma State University 
430 Life Sciences’ West, Stillwater, OK 74078. 
Application review will begin 15 December 2007, 
‘with employment sated for August 2008; hiring i 
subject fo availble finding. Wome and minor we 
sonal encouraged to apply. Oblahoma State Univers er 
Equal Opporuaity/Aftimatve Aion Employer 
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PROTEOMICS FACULTY POSITION 
ASSOCIATE/FULL PROFESSOR 
‘University of Mlinois at Chicago 

The University of Hingis at Chicago (UIC) imites 
applications for a tenured faculty postion starting in 
spring 2008. 

We are sarching for an outstansling candidate who 
is a leader in using protcomics and systems biology 
approaches as tools to stady human disease, We pa. 
‘ically encourage applications from researchers wing 
mass spoctrometry who can take advantage of our new 
Fourier Transform among our suite of other state-of 
the art mass spectrometers at UIC 

The suocessful candidate will join a cadre of faculty 
in the Chicago area who participate in the Chicags 
Biomedical Consortium (CBC), The CBC is a new 
initiative, generously firnded through the Searle Funds 
in the Chicag Community Trust. The mission of the 
CBC is to stimulate and nurture major rescarch cc 
laborations relating to systems biology among si 
tentists at Northwestern University, the University of 
‘Chicago, and the University of Iknois at Chicago. 

The candidate must posscss strong interpersonal, 
‘communication, peojest management skill, and strong, 
Feconds of colboration acrom disciplines, and sche 
arship commensurate with the rank of Associate or 
Full Profesor. Doctorate required. Compensation # 
competitive and commensurate with experience 

The scarch i bing conducted jointly by the Col 
leges of Liberal Ans and Sciences, Pharmacy, and 
Medicine. For fullest consideration pase send cur 
riculum vitae, a brief summary of research plans, and 
three references by December 31, 2007, to e-ma 
ebe@uic.edu or sia fax: 312-413-0238, Materials 
flea may be mailed to" 

K. Colley, Chair of the Search (CBC-1) 
‘Attn: E. Sauvee 
Office of the Vice Chancellor for Research 
‘The University of Illinois at Chicago, MC 672 
310 Administrative Office Building, 
37 West Polk Street 
Chicago, IL 60612-7727 

The position will remain ope 

an cAfionative Action/ gual Oppo 


VIROLOGY SEARCH: TENURE-TRAC 
ASSISTANT PROFESSOR 
Department of Microbiology 


University of Washington 
The Department of Microbiology at the Univer 
sity of Washington in Seatle is conducting a search 


for an Asistant Professor in the fick! of animal 
Nirology. We are looking for an innovative investiga 

who will develop an indepeodent reacarch progyaen 
ilzing modern technologies to study viral patho 


eal immunology, ot 
Systems vito is a 12-month, fll 
time, tenure of Medicine 


In addition 
‘support the Department's teaching mission including 
teaching at the undergraduate or graduate level. Us 
versity oF Washington ficulty engage in teaching, 
research, and service 

Salary’ and benefits are competitive and will be 
‘commensurate with the qualifications and experience 
fof the applicant. Applicants with a Ph.D. and a min 
imum of two yeare Of postdoctoral experience and a 
strong publication record should send their curtic 

¢ and 3 one of two-page statement of fe 

fests, and arrange to have three letters 
reference sent to: Chair, Virology Search Com 
tee, Department of Microbiology, P.O. Box 
57242, University of Washington, 1705. N.E. 
Pace Street, Seatte, WA 98195. Application deat 
fine: January 10, 2008. 

The University of Washington i 2m Affimmatie Aci 
Bua € er ad is bling 2 dtl di 
ree fay. Applications fom female and mony candidate 
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POSTDOCTORAL RESEARCHER to partic 
ipa to National Scencz Foundation funded study 
Eicaupantee pars mpocats (ea sortan, 
stgweae and ia) (Webate: hups//werw soled, 
hast research gray Unk) The AoasTe 
Sar orccapres mate Cascio Ecrors and confuct 
Chromatin immanopescpiation experiments 0 de 

me gate regulatory setworts, Ph, in Bolony fe 
giured Reve of splicaons wl begin ime 
Sti renmnc sed rec ecencs tot Dr.John Gi 
Biology Science Department, Mailstop 601, TR 
Univenity of Toledo, 2801 W. Bancroft Street, 
olde, OF 4360673390, fax: 419.530.1838, 
or e-mail jgrayS@utnertroledo.edu (reference 
job F191 rabea lie 


Help employers 
find you. Post 
your resume/cv. 
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~ Custom Peptide USS3.20reside 1-4mg. crude) 
‘Modification Dye Labeing, Conjugation, and MAP 
- Custom Olgo USSO.18Pbase (2 00, OPC purtied) 
Long Otgo.S-lgo, Modified and Fluorescent Olgo 


200838568362 
vabpep: 


Custom Antibody Production 
** Polyclonal and monoclonal antibodies: 
* Phospho-specific antibody package 

* Industry leading affordable price 

* Advanced antigen design assistance 


EZBiolab 


ww.ezbiolab.com. 


Oligo Synthesis Reagents 


© Specialty CPG Supports 
fee aoe eee 
"EBulk Reagent Pricing Available 


: 
BOREARCH jlamaceNoMe 
zones 


www sciencecareers.org 


